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Abstract. The phenomenon of CP violation is crucial to understand the asymmetry
between matter and antimatter that exists in the Universe. Dramatic experimental
progress has been made, in particular in measurements of the behaviour of particles
containing the b quark, where CP violation effects are predicted by the Kobayashi-
Maskawa mechanism that is embedded in the Standard Model. The status of these
measurements and future prospects for an understanding of CP violation beyond the
Standard Model are reviewed.
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1. Introduction
Among the possible discrete symmetries of nature, the combined symmetry under charge
conjugation (C) and parity (P ) is particularly interesting. The C operation conjugates
all internal quantum numbers, and therefore transforms particles into antiparticles and
vice versa, while under P all spatial co-ordinates are inverted. Violation of CP symmetry
allows an absolute distinction between matter and antimatter to be made [1, 2], and is a
prerequisite for the evolution of a matter dominated universe [3].
The observation of the long-lived neutral kaon decaying to two charged pions
provided the first experimental observation of CP violation [4]. Among the various
ideas put forward to explain these phenomena, only that proposed by Kobayashi and
Maskawa [5] has survived the test of time, and is now an integral part of the Standard
Model (SM). By extending the quark mixing concept of Cabibbo [6] to include three
quark pairs (or “families”), a single irreducible phase appears and gives rise to CP
violation.
The phase of the Cabibbo-Kobayashi-Maskawa (CKM) matrix is the sole source of
CP violation in the Standard Model. Therefore, all possible CP violating observables in
the quark sector are related to this single quantity, which allows for a wide range of tests
of the SM predictions to be made. Remarkably, the theory has survived all such tests
to date. In particular, there are a wide range of observables in the B sector, i.e. with
particles involving b quarks, that are useful to test the SM predictions for CP violation.
It is the purpose of this review to describe these observables, giving both the current
experimental status as well as future prospects.
It is a striking feature of CP violation in the B sector that many of the experimental
measurements can be interpreted without the need for detailed calculation of hadronic
effects in the initial and final states. Consequently, the review is focussed on
experimental aspects, with only brief discussions of the relevant theoretical methods
given at appropriate places. Progress in theory that proceeds in parallel with improved
experimental measurements is, of course, nonetheless essential. Reviews of theoretical
methods appropriate for B physics can be found in Refs. [7–9].
It must be stressed that the purpose of ongoing investigations into CP violation
in the B sector is not simply to measure the SM parameters ever more precisely, but
to uncover evidence of physics beyond the SM. In addition to the general arguments
that lead to an expectation for discoveries of non-SM physics in the near future (see,
for example, Ref. [10]), it is known that the SM cannot explain the baryon asymmetry
of the Universe [11] and therefore new sources of CP violation must exist. There is,
however, no guarantee that the new CP violation will be observable in B physics, and it
is important to search also in other areas. Nonetheless, since the precision of current
B physics measurements is still far from the limiting theoretical uncertainties for many
important observables, there is a window of possible discovery that must be thoroughly
investigated. Moreover, the rapidly increasing size of the available data samples provides
good prospects for discoveries in the next 5–10 years.
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While this review is intended to be self-contained, it is impossible to include details
of all of the huge range of B system CP violation measurements that have been proposed
and performed. Detailed reviews of quark flavour physics can be found in Refs. [8,12–15],
and extensive discussions of the physics programmes of various B physics experiments
in Refs. [16–20]. The reader may also be interested in recent reviews on kaon [21,22] or
charm [23,24] physics, on the strong CP problem [25, 26] and searches for electric dipole
moments [27], or on prospects for CP violation measurements in the lepton sector [28,29].
The remainder of the review is organised as follows. In Sec. 2 the notations and
conventions for discussion of CP violation effects are described. Sec. 3 gives an overview of
the experimental facilities and techniques that are used for measurements of CP violation
parameters. Sections 4–6 contain descriptions of the current status of measurements,
organised by quark-level process. A dedicated, though brief, discussion of CP violation
effects in b baryon decays in given in Sec. 7. The combination of experimental results
in global fits is reviewed in Sec. 8, where a discussion of future prospects is also given.
Finally, a summary can be found in Sec. 9.
CP violation in the B system 4
2. Notations and conventions
2.1. Types of CP violation in the quark sector
Since quarks are charged under the strong interaction, they are never observed directly but
are always bound into hadrons. This has important implications for the phenomenology
of quark mixing; in particular, a B0(s) meson can oscillate into its antiparticle B
0
(s).
Consequently, the physical states (i.e. the states that have well-defined masses and
lifetimes) are admixtures of the flavour eigenstates
B0(s) H = pB
0
(s) + qB
0
(s) and B
0
(s) L = pB
0
(s) − qB0(s) , (1)
where p and q are complex coefficients that satisfy p2 + q2 = 1. The physical states are
labelled B0(s) H and B
0
(s) L to distinguish the heavier (H) from the lighter (L), and have
mass difference ∆m(s) = mB0
(s) H
−mB0
(s) L
and width difference ∆Γ(s) = ΓB0
(s) L
− ΓB0
(s) H
.
Note that ∆m(s) is positive by definition while with the given sign convention ∆Γ(s) is
predicted to be positive, for both B0 and B0s mesons, in the SM. The values of ∆m(s)
and ∆Γ(s) have important consequences for the decay-time-dependent decay rates as will
be discussed in Sec. 2.4.
The amplitude for the decay of a B hadron to a final state f can be expressed as Af ,
and that for the decay of a B hadron to the same final state as A¯f . The corresponding
amplitudes for the conjugate processes (B → f¯ and B → f¯ decays) are A¯f¯ and Af¯ .
For hadrons carrying any conserved quantum numbers (i.e. charged mesons and all
baryons), it is not possible for both B and B to decay to the same final state, and
therefore the only possible manifestation of CP violation is when A¯f¯ and Af are not
equal in magnitude. For neutral B mesons, however, additional CP violation effects
related to particle-antiparticle mixing can occur. Considering the concrete case where
f is a CP -eigenstate, i.e. f = f¯ = fCP , the possible CP violation effects depend on the
quantity
λfCP =
q
p
A¯fCP
AfCP
. (2)
Consequently there are two additional possible ways for asymmetries to arise. The
different types of CP violation can be summarised as
• CP violation in mixing: |q/p| 6= 1;
• CP violation in mixing/decay interference: arg(λfCP ) 6= 0;
• CP violation in decay: ∣∣A¯fCP /AfCP ∣∣ 6= 1.
A summary of which of these types of CP violation have been observed, and in which
different hadronic systems, is shown in Table 1.
Another categorisation of CP violation effects, as either indirect or direct, can be
found in the literature. This is of mainly historical interest, related to the 1964 proposal
of Wolfenstein [30] that the CP violation effects observed in the kaon system could be
due to a new “superweak” force that contributes only to meson-antimeson mixing. In
this scenario, all observed CP violation effects must be consistent with a universal phase
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Table 1: Summary of the systems where CP violation effects have been observed. A five
standard deviation (σ) significance threshold is required for a X; several such observations in
different channels are required for a XX. Note that CP violation in decay is the only possible
category for particles that do not undergo oscillations.
K0 K+ Λ D0 D+ D+s Λ
+
c B
0 B+ B0s Λ
0
b
CP violation in mixing XX – – 7 – – – 7 – 7 –
CP violation in X – – 7 – – – XX – 7 –
mixing/decay interference
CP violation in decay X 7 7 7 7 7 7 XX XX X 7
in the mixing amplitude. The phrase “indirect CP violation” refers to effects that are
consistent with this hypothesis, while “direct CP violation” refers to effects that are
not; this categorisation is thus useful to test the superweak hypothesis. Since direct CP
violation has been observed in all of the kaon [31,32], B0 [33,34] and B0s [35] systems,
there is little reason for further consideration of the superweak hypothesis, and this
terminology is in principle obsolete.
2.2. Strong and weak phases
As discussed in Sec. 2.1, the condition for CP violation in decay is
∣∣A¯f¯/Af ∣∣ 6= 1. In order
for this to be realised, the amplitudes A¯f¯ and Af must have at least two components
with different strong and weak phases. The labelling of phases as “strong” or “weak”
simply reflects their behaviour under the CP operation: “strong” phases (denoted by δ
in the following) do not change sign under CP , while weak phases (φ) do. In the SM,
the strong and weak phases arise from hadronic interactions and from the CKM matrix,
respectively.
B0 pi−
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W+
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d
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s
Figure 1: SM (left) tree and (right) penguin diagrams for the decay B0 → K+pi−.
The separation of the amplitudes into components can be done in many ways. It is
particularly useful to separate the components according to the CKM elements involved,
whose relative weak phase is therefore known in the SM. Another approach, of heuristic
benefit, is to distinguish “tree” (T ) from “penguin” (P ) amplitudes (example diagrams
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are shown in Fig. 1), so that
Af = |T | ei(δT−φT ) + |P | ei(δP−φP ) , A¯f¯ = |T | ei(δT+φT ) + |P | ei(δP+φP ) . (3)
The CP asymmetry is defined from the rate difference between the particle involving the
quark (B¯) and that containing the antiquark (B),
ACP =
∣∣A¯f¯ ∣∣2 − |Af |2∣∣A¯f¯ ∣∣2 + |Af |2 ,
=
2 |T | |P | sin(δT − δP ) sin(φT − φP )
|T |2 + |P |2 + 2 |T | |P | cos(δT − δP ) cos(φT − φP )
, (4)
=
2r sin(δT − δP ) sin(φT − φP )
1 + r2 + 2r cos(δT − δP ) cos(φT − φP ) , (5)
where r = |P ||T | or
|T |
|P | (it is conventional to choose r < 1).
For the CP asymmetry to be non-zero, it is therefore necessary that all of |T |, |P |,
sin(δT − δP ) and sin(φT −φP ) are also non-zero. For any given B decay to a final state f
there are only two observables (the branching fraction and ACP ) and so it is impossible
to determine all four underlying parameters without additional input. Such external
information could ideally be taken from first-principles calculations, and a great deal of
effort has been invested in developing theoretical methods to enable such calculations
(see, for example, Refs. [36–49]). However, the associated uncertainties are often large.
Fortunately, there are many cases where the parameters of different decay modes can be
related, for example by flavour symmetries, and so data-driven methods can be used to
determine the weak phase difference. In such cases, theoretically clean interpretation of
CP violation effects is still possible in processes involving more than one weak phase.
Processes where only a single weak phase contributes can also, in general, be interpreted
with low theoretical uncertainty.
An important subtlety in Eq. (4) is that the final state f should be a unique point
in phase space. This equation can therefore be trivially applied to two-body decays, but
care is needed when discussing multibody final states. In particular, it is often useful to
consider multibody final states in terms of their resonant components, e.g. in a Dalitz plot
analysis of a three-body decay, or an angular analysis of a (B → V V ) decay mediated by
two vector particles. In such cases, the resonant lineshapes of contributing intermediate
states and the different angular distributions of contributing partial waves can guarantee
the required strong phase difference even if none is present in the expressions for the
intermediate amplitudes. Consequently, analysis of multibody B decays is a powerful
approach to investigate CP violation.
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2.3. The Unitarity Triangle
The usefulness of the B sector for CP violation tests can be conveniently visualised by
considering the unitarity relation between the first and third columns of the CKM matrix
VCKM =
 Vud Vus VubVcd Vcs Vcb
Vtd Vts Vtb
 , (6)
that is
VudV
∗
ub + VcdV
∗
cb + VtdV
∗
tb = 0 . (7)
The result of Eq. (7) can, after a trivial rescaling, be expressed as a triangle in the
complex plane that is known as the Unitarity Triangle and is shown in Fig. 2.
Figure 2: The Unitarity Triangle, with both the α, β, γ and φ1, φ2, φ3 notation for the angles.
Reproduced from Ref. [50].
The apex of the Unitarity Triangle is located at the point (ρ, η) given by [51,52]
ρ+ iη ≡ −VudV
∗
ub
VcdV ∗cb
≡ 1 + VtdV
∗
tb
VcdV ∗cb
. (8)
The angles of the Unitarity Triangle are defined as
α ≡ arg
(
− VtdV
∗
tb
VudV
∗
ub
)
, β ≡ arg
(
−VcdV
∗
cb
VtdV
∗
tb
)
, γ ≡ arg
(
−VudV
∗
ub
VcdV
∗
cb
)
, (9)
each of which can be measured from various different B decay processes, as described
below. Among several alternative notations that can be found in the literature, that with
φ2 ≡ α, φ1 ≡ β, φ3 ≡ γ is particularly widely used. The (α, β, γ) notation is, however,
prevalent, and is used in this review. A similar triangle that can be formed from the
second and third columns of the CKM matrix has an angle defined by
βs ≡ arg
(
−VtsV
∗
tb
VcsV
∗
cb
)
. (10)
This quantity is particularly relevant for CP violation studies involving oscillations of
B0s mesons.
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2.4. Decay-time-dependent decay rates
Following Refs. [12,53], the most general decay-time-dependent rates for a B meson that
is initially (at time t = 0) known to be in the B0(s) or B
0
(s) flavour eigenstate to decay
into a final state f are
dΓB0
(s)
→f (t)
dt
∝ e−Γ(s)t
[
cosh(
∆Γ(s)t
2
) + A
∆Γ(s)
f sinh(
∆Γ(s)t
2
) +
Cf cos(∆m(s)t)− Sf sin(∆m(s)t)
]
, (11)
dΓ
B
0
(s)→f (t)
dt
∝ e−Γ(s)t
[
cosh(
∆Γ(s)t
2
) + A
∆Γ(s)
f sinh(
∆Γ(s)t
2
)−
Cf cos(∆m(s)t) + Sf sin(∆m(s)t)
]
, (12)
where
A∆Γf ≡ −
2<(λf )
1 + |λf |2 , Cf ≡
1− |λf |2
1 + |λf |2
, Sf ≡ 2=(λf )
1 + |λf |2
, (13)
and λf is the quantity defined in Eq. (2). The relation |Cf |2 + |Sf |2 + |A∆Γf |2 = 1 holds
by definition. (An alternative notation, Af ≡ −Cf is also in use in the literature;
moreover, some texts use a different sign convention for A∆Γf .) The decay-time-dependent
asymmetry is then
Γ
B
0
(s)→f (t)− ΓB0(s)→f (t)
Γ
B
0
(s)→f (t) + ΓB0(s)→f (t)
=
Sf sin(∆m(s)t)− Cf cos(∆m(s)t)
cosh(
∆Γ(s)t
2
) + A
∆Γ(s)
f sinh(
∆Γ(s)t
2
)
. (14)
If f is not self-conjugate, similiar decay rates hold for the conjugate final state f¯ , with
parameters Cf¯ , Sf¯ and A
∆Γ
f¯
. For convenience, the Cf and Sf parameters will be referred
to as “sinusoidal” observables in what follows, while A∆Γf terms will be referred to
as “hyperbolic” observables. Since ∆Γd = 0 to a good approximation in the SM, the
hyperbolic observables are only relevant when considering decays of B0s mesons.
Depending on the process in question the final state might be flavour specific (either
A¯f = 0 or Af = 0), in which case only CP violation in mixing or decay are possible, or it
might be accessible to both flavour eigenstates (both A¯f , Af 6= 0), so that CP violation
can also arise in the interference of mixing and decay. Again, it should be stressed that
in Eqs. (11) and (12), f refers to a particular point in phase space. In case that the
same formalism is used to refer to a state that is an admixture of different components,
as in the case of a B → V V decay such as B0s → J/ψφ or in a three-body decay such as
B0 → K0Spi+pi−, similar expressions can be formed for each individual component of the
final state, but there are additional effects arising from interference between the different
components which must also be accounted for.
The importance of Eqs. (11) and (12) is that in certain cases they allow
straightforward measurement of underlying CP violation parameters. Considering the
case that f is a CP eigenstate, SfCP probes CP violation in mixing/decay interference,
while CfCP is sensitive to both CP violation in mixing and CP violation in decay – in
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practice since CP violation in mixing is universal and is known to be small, CfCP can in
many cases be interpreted as probing the latter. If only a single weak phase appears
in the decay amplitudes, then CfCP will be zero and SfCP can be cleanly interpreted
in terms of that phase plus the phase of the mixing amplitude. Measurement of the
hyperbolic parameter A∆ΓfCP provides additional sensitivity to the same sum of phases.
In the case that f is not a CP eigenstate, the situation is slightly more complicated.
None of the parameters correspond directly to CP violation, but their combinations
do: if Sf 6= −Sf¯ there is CP violation in mixing/decay interference, while if Cf 6= −Cf¯
there is CP violation in decay. An additional probe of CP violation in decay comes
from the normalisation of Eqs. (11) and (12) and their equivalents for the f¯ final state
– any difference in the normalisation factors for f and f¯ corresponds to CP violation.
Again, it is only in the case that a single weak phase contributes that CP violation
measurements can be cleanly interpreted, but this situation is expected to occur for
several decay modes, as discussed below.
It is also possible to obtain weak phase information, through the A
∆Γ(s)
f term, in an
untagged decay-time-dependent analysis of B0s decays
d
(
ΓB0s→f (t) + ΓB0s→f (t)
)
dt
∝ e−Γst
[
cosh
(
∆Γst
2
)
+ A∆Γsf sinh
(
∆Γst
2
)]
.
(15)
This distribution can be fitted with a single exponential function to determine the
effective lifetime τeff given by [54]
τeffΓs =
1
1− y2s
(
1 + 2A∆Γsf ys + y
2
s
1 + A∆Γsf ys
)
,
= 1 + A∆Γsf ys +
[
2− (A∆Γsf )2
]
y2s + ... (16)
where ys =
(
∆Γs
2Γs
)
and the ellipses denote higher order terms. The effective lifetimes of
several B0s decays have been measured (for reviews, see Refs. [12,55]). However, since
tagged analyses give more precise information on the weak phase and thereby on CP
violation, results on effective lifetimes are not mentioned in this review except in a few
specific cases.
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3. Experimental facilities and techniques
The measurements which delimit our current knowledge of CP violating observables in
the B sector can be split into two kinds: those performed at e+e− colliders, and those
performed at hadron colliders. The available experimental techniques also largely divide
into those feasible at e+e− colliders, at hadron colliders, and at both. In this Section,
following a brief introduction to the different features relevant for B physics of each
type of collider facility, the techniques used in the measurements are discussed. For
reasons of brevity some early experiments which searched for CP violation in the B
sector, including the LEP detectors and CLEO, are omitted.
The term “stable charged particles” is used throughout this section to mean the
electron, muon, pion, kaon and proton, while “stable charged leptons/hadrons” refers
to the appropriate subset of these. The term “trigger” is used to refer to real-time
preselection of interesting events which are then kept for later analysis.
3.1. Features of B physics experiments at e+e− colliders
A great deal of B physics has been achieved by the asymmetric e+e− collider experiments
BaBar [56,57] and Belle [58], located at the SLAC and KEK collider facilities, respectively.
They share, and their physics reach is defined by, the following characteristics:
• The production of B meson/antimeson pairs via the decay of a bb¯ resonance produced
in the e+e− collision. When the collision energy corresponds to the mass of the
Υ(4S) resonance, the only species produced are the B+ and B0 (anti)mesons. The
production is coherent, so that the wavefunction of the produced B0 and B0 pair
evolves in phase until one or the other decays. By operating at the Υ(5S) resonance
it is, however, possible to produce also B0s–B
0
s pairs.
• Asymmetric e+e− beam energies which provide a boost large enough to resolve
B0, but not B0s , oscillations. As the centre-of-mass energy of each collision is
known, it can be used to distinguish genuine B hadrons, each carrying half of the
centre-of-mass energy, from backgrounds.
• Detectors with close to 4pi solid angle coverage, providing the ability to efficiently
reconstruct all visible decay products of the produced B particles, both charged and
neutral. Solenoidal magnetic fields allow track momenta to be determined; the field
strength (1.5 T for both BaBar and Belle) is optimised to provide good resolution
while allowing all but the lowest momentum tracks to escape the inner detector.
Particle identification devices [59,60] provide the capability to distinguish efficiently
between all the different species of stable charged particles over the momentum
range of interest.
• Trigger systems that are highly efficient for BB events, allowing essentially all such
events to be saved to tape without any inefficiencies.
Because of the clean production environment and hermetic detectors, e+e− collider
experiments are particularly useful for studying CP violating decays involving one or
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more neutral particles in the final state. Fig. 3 shows the typical transverse momentum
and impact parameter resolutions achieved in e+e− collider experiments.
Figure 3: (Left) transverse momentum (pT) and (right) impact parameter resolutions of the
BaBar detector, reproduced from Ref. [56].
3.2. Features of B physics experiments at hadron colliders
The most significant hadron collider experiments to date, in terms of B physics and
CP violation, are D0 and CDF at the Tevatron proton-antiproton collider, as well as
CMS, ATLAS and LHCb at the LHC proton-proton collider. Although there are some
important differences in the production environment between these two colliders, the
experiments largely share the following characteristics:
• The production of B (anti)hadrons via gluon fusion (LHC) or qq¯ annihilation
(Tevatron), which gives access to all species of B (anti)hadrons. The production
is incoherent, so that any combination of beauty hadron and antihadron can in
principle be produced together.
• A geometrical acceptance that is far from hermetic. Although D0, CDF, CMS
and ATLAS all cover close to 4pi of solid angle (and are therefore equipped with
solenoidal magnets), the production of bb¯ pairs in high energy hadron collisions is
predominantly at large pseudorapidity, i.e. close to the beam-line, so that many of
the decay products pass through the uninstrumented region. The LHCb detector
is designed as a forward spectrometer, covering the approximate pseudorapidity
region 2 < η < 5, in order to maximise the acceptance for B physics. A dipole
magnet, with bending power of about 4 T m, deflects charged particles and allows
their momentum to be determined.
• A sufficiently large boost of the produced (anti)hadrons to enable, together with
precision vertex detectors, both B0 and B0s oscillations to be resolved.
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• Large numbers of additional particles from the underlying proton-(anti)proton
interaction which make it infeasible to perform the same kind of full event
reconstruction as at e+e− colliders.
• Very high production cross-sections, that necessitate the separation of bb¯ events
from other types of events using non-trivial trigger systems. The trigger systems
introduce substantial inefficiencies for certain B (anti)hadron decay channels.
• Multiple inelastic collisions per beam crossing, known as “pile-up”. Since the CMS
and ATLAS experiments are primarily focussed on searching for signatures of rare
high-pT processes, significant pile-up helps to achieve high integrated luminosity,
although it can introduce significant challenges for the detector operations. For
LHCb, limited pile-up is necessary to obtain acceptable detector performance and
to associate B-hadron candidates with the correct primary pp vertex. Since the
instantaneous luminosity is below the maximum available, it can be tuned to remain
constant throughout each LHC fill, providing stable data taking-conditions.
• An ability to distinguish efficiently the different kinds of charged leptons, but
no general ability to distinguish between the different kinds of stable charged
hadrons. There are two exceptions: CDF was able to achieve around 1.5σ separation
between kaons and pions using dE/dx information, while LHCb is unique among
hadron collider experiments as its ring imaging Cherenkov detectors [61] provide
the capability to distinguish efficiently between all the different species of stable
charged particles over the momentum range 2–100 GeV/c.
Because hadron collider experiments have highly selective triggers, their physics
reach greatly depends on what kinds of signatures these triggers can select. The CMS,
ATLAS, and D0 experiments rely predominantly on the signature of one or more relatively
high transverse momentum muons, but this approach restricts the B physics programme
to the class of decays that produce such muons. On the other hand, since B hadrons are
produced in pairs and decay producing a muon around 11 % of the time, signatures of
the decay of the other B in the event can provide a minimum trigger efficiency even for
channels that are hard to reconstruct.
The most distinctive feature of B decays at a hadron collider experiment that can
be exploited in a trigger system is the displaced vertex that is a consequence of the B
lifetime and the significant Lorentz boost. If the B decay (secondary) vertex can be
efficiently separated from the primary (pp or pp¯) interaction vertex, large backgrounds
due to the high multiplicity of charged particles (tracks) originating from the primary
vertex can be avoided. CDF was the first hadron collider experiment whose trigger could
use information about the B decay vertex displacement at the earliest stage of the event
selection [62]. This gave CDF the ability to efficiently select hadronic as well as leptonic
B decays, a feature shared with LHCb [63,64]. While hadron collider experiments are
able to study certain final states containing neutral particles, the high occupancies make
background discrimination very difficult even in experiments with excellent calorimeter
resolution. Figs. 4 and 5 shows the momentum and vertex resolutions achieved by the
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LHCb and CMS experiments, respectively.
Figure 4: (Left) momentum and (right) impact parameter resolution of the LHCb detector,
reproduced from Ref. [65].
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Figure 5: (Left) transverse momentum and (right) impact parameter resolution of the CMS
detector, reproduced from Ref. [66]. The solid (open) symbols correspond to the half-width for
68 % (90 %) intervals centred on the mode of the distribution in residuals.
3.3. Techniques for CP violation measurements
Regardless of the type of CP violation in question, all measurements of CP violation in
B decays amount to quantifying the difference in the total or differential decay rates of
B and B hadrons to a particular final state. Depending on the specific measurement
in question, systematic uncertainties may arise from asymmetries in the contributing
backgrounds, asymmetries in the way the B hadrons are produced, or asymmetries in
the signal detection efficiency for each B hadron flavour.
CP violation in the B system 14
Table 2: Summary of yields per unit luminosity and sensitivity of certain representative ACP
measurements at different experiments. The first quoted uncertainties are statistical and the
second systematic.
Mode Experiment Yield/fb−1 ACP (h) Reference
B+ → J/ψpi+ BaBar 3 123± 85± 4 [67]
LHCb 5100 5± 27± 11 [68]
D0 300 −42± 44± 9 [69]
B0 → K+pi− BaBar 12.5 −107± 16 +6−4 [70]
Belle 10.5 −69± 14± 7 [71]
LHCb 41400 −80± 7± 3 [35]
CDF 1300 −83± 13± 4 [72]
B0 → K∗0γ BaBar 7.5 −16± 22± 7 [73]
LHCb 5300 8± 17± 9 [74]
3.3.1. Signal reconstruction The efficiency to reconstruct most final state particles
within the detector acceptance is broadly similar across e+e− and hadron collider
experiments: if a particle traverses the detector, it will deposit sufficient energy to allow
it to be reconstructed. Specific techniques can, in certain cases, be used to reconstruct
particles such as neutrinos for which this is not the case. The challenge is therefore
to achieve good background rejection while retaining high signal efficiency. At e+e−
collider experiments operating near the Υ(4S) resonance this is done by exploiting
the event shape, since continuum e+e− → qq¯ (q = u, d, s, c) events tend to be more
jet-like compared to e+e− → BB¯ events which are more spherical. At hadron collider
experiments, the long lifetime of the B hadron and its large mass (which leads to large
transverse momentum for its decay products) results in a distinctive decay topology
which can be used to reject background. Consequently, for many B hadron decays of
interest the selection efficiency is broadly comparable between e+e− and hadron collider
experiments, especially for final states which involve only charged particles. The larger
rate of B hadron production at hadron colliders then leads to larger yields, if the trigger
efficiency is not too low, as can be seen in Table 2.
3.3.2. Background suppression Backgrounds in B hadron CP violation measurements
generally divide into two categories: random combinations of particles produced in
the underlying event (hadron collision or e+e− continuum), and backgrounds due to
other B hadron decays which are mistaken for the signal. Combinatorial background is
generally suppressed through topological selection criteria and the kinematic variables
used to identify signal B decays. In hadron collider experiments, the B candidate mass is
almost always used, as the good momentum resolution leads to a narrow peak for signal
while the combinatorial background has a slowly varying shape. In the e+e− environment,
constraints from the known beam energies can be used, and it is typical to use the two
almost uncorrelated variables ∆E and mES. The former is the difference between the
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energy of the B candidate and
√
s/2 and is strongly correlated with the B candidate
mass, while mES =
√
s/4− p2B, where
√
s is the total energy, pB is the momentum of
the candidate B meson, and all variables are determined in the centre-of-mass frame.
Backgrounds due to B hadron decays typically occur when another B hadron
decay is partially reconstructed and the missing particle has low energy, for example
B0 → K∗+pi− as a background to B0 → K+pi−, or when a final state particle is
misidentified, for example B0 → K+pi− as a background to B0s → K+K−. Partially
reconstructed backgrounds have a lower reconstructed mass than the true mass of the
decaying particle, with a distribution that is smeared depending on the missing energy.
Thus good ∆E resolution, which is ultimately dependent on good final state particle
momentum resolution, is critical to reject such backgrounds in e+e− experiments. Good
resolution is also essential for hadron collider experiments, but the situation is more
complicated since decays of higher mass B hadrons can lead to partially reconstructed
backgrounds that peak near the signal region, e.g. B0s → J/ψpi+pi− as a background to
B+ → J/ψpi+ decays. In most cases such backgrounds can be separated from the signal
due to their different reconstructed mass distributions. Further rejection of this type
of background can be achieved, to some extent, through isolation criteria. However,
in some cases the residual background level must be estimated from the (absolute or
relative) production rates of the relevant B hadrons, their branching fractions to the
final states of interest, and the selection efficiencies. For this reason, it is important for
experiments to determine systematically the branching fractions of B hadrons into all
accessible final states.
Misidentified backgrounds are also shifted in B mass with respect to the signal, by
an amount that depends on the correct and assumed particle-type hypotheses and on the
particle’s momentum. Such backgrounds can be suppressed using particle identification,
but typically remain at non-negligible levels after optimisation of selection criteria.
Knowledge of both the level and shape of these backgrounds in the reconstructed mass
distribution are critical to reduce associated systematic uncertainties.
3.3.3. Production and detection asymmetries In principle all experiments face issues
due to production and detection asymmetries, though in many cases the effects are
small enough to be negligible. Although B and B mesons are produced in pairs, and
hence in equal numbers, at e+e− colliders, there is in principle a forward-backward
asymmetry that arises due to electroweak interference effects. When coupled with an
asymmetric detector, this can result in a production asymmetry, as has been seen for
D/D production [75,76]. The effect is, however, suppressed by the resonant production of
B mesons in e+e− collisions and is negligible for all measurements to date. Similarly, the
production of B and B hadrons in pp¯ collisions is symmetric, and therefore asymmetries
are negligible. The pp collision environment, in contrast, does a priori introduce a
production asymmetry, that may vary as a function of collision energy and of the
kinematics of the produced B hadron. The asymmetry can be determined from the
data, using control modes in which CP violation can be assumed to be negligible. Such
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determinations have been performed for various B hadron species [77, 78]. Since the
effects are below the percent level, consistent with expectations [79], they concern only
the most precise measurements.
The dominant source of detection asymmetries is the different interaction of
positively and negatively charged particles with the detector material, which causes their
reconstruction efficiencies to differ. Because of their nature, detection asymmetries are
difficult to simulate accurately and it is essential to measure them directly from the
data for each experiment, typically using tag-and-probe techniques. A control decay
which can be selected with a good signal-to-background ratio without reconstructing
all final state tracks (tag) is required, and the detection asymmetry is measured from
the efficiency to add the missing (probe) track. A good example of this technique is the
case of D∗+ → D0(K−pi+pi+pi−)pi+ decays, in which the near-threshold D∗+–D0 mass
difference remains a powerful signal-to-background discriminant even when one of the
four D0 decay products is not reconstructed. Similar methods can be applied for all stable
charged particles. In general, the most challenging asymmetries are those of protons,
both because the difference in material interaction is largest and because tag-and-probe
methods rely on decays of charmed baryons, which are less plentiful and less well-known
than charmed mesons. It is also possible to induce detection asymmetries through certain
specific selection criteria, for example, because the calorimeter response may be different
for positively or negatively charged electrons. However, plentiful control samples exist for
all particle species and consequently the only challenge is to select a control sample with
the same kinematic and geometric distribution as the signal. Detection asymmetries can
also be minimised by reversing the polarity of the magnetic field; this is not possible
for all detectors, but is the case in the LHCb and D0 experiments. Measurements of
detection asymmetries are discussed for example in Refs. [80–86].
3.3.4. Decay-time measurement and flavour tagging Several important CP violation
observables can be determined from asymmetries in the decay-time distributions of B
and B mesons to specific final states. These measurements require precise determination
of vertex positions, in order to determine the decay time, together with “flavour tagging”,
i.e. information on whether the decaying meson was in a B or B state at the time it was
tagged. Silicon vertex detectors [63, 87,88] are used to determine vertex positions. In
the case of experiments at e+e− → Υ(4S)→ BB colliders, the decay time is determined
from the difference between the positions of the vertices of the two B mesons; the
known boost of the Υ(4S) system in the laboratory frame caused by the asymmetric
beam energies results in a linear relation between the vertex separation and the decay
time difference. Hence, t (with range 0 ≤ t ≤ ∞) is replaced with ∆t (with range
−∞ ≤ ∆t ≤ ∞) in Eqs. (11), (12), and (14). For experiments at hadron colliders, the
relevant quantity is instead the distance between the B meson decay vertex and the
primary collision vertex; the boost in this case is determined directly from measurement
of the B momentum vector. Since selection of signal in the trigger often involves
requirements on the displacement of the candidate B vertex, the efficiency can vary
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significantly as a function of decay time. In certain analyses, this leads to a potential
source of systematic uncertainty that is not relevant for experiments at e+e− colliders.
There are distinct differences in the methods used for flavour tagging at e+e− and
hadron colliders. In the former case, signatures that can indicate the flavour of the
other B meson in the Υ(4S) → BB event are combined. These include the charge of
a lepton produced in a semileptonic B decay and the charge of a kaon produced in
the B → D → K decay sequence. Multivariate techniques can be used to determine
the optimum combination of the information that is available in any given event. The
relative preponderance and clarity of these signatures leads to good performance [89,90],
as quantified in terms of the effective flavour tagging efficiency eff = D
2 where  is the
efficiency to obtain a tag and D = 1− 2w is the dilution caused by the probability w to
incorrectly determine the flavour. However, the use of tags from decays which are not
fully flavour-specific, such as B0 → D∗−pi+, results in interference effects which lead to
systematic uncertainties [91].
Hadron collisions produce, in general, a large number of particles in addition to
those from B meson decays, and therefore flavour tagging is more challenging. The
methods used can be characterised as either “opposite-side” or “same-side” taggers.
Opposite-side algorithms [92,93] are similar in concept to those used in e+e− colliders,
and search for decay products of the other B meson produced from the primary collision.
Same-sign algorithms [94,95] exploit the fact that additional particles are produced in the
fragmentation processes that produces the B meson of interest. These are particularly
useful for tagging B0s mesons, since conservation of strangeness in strong interactions
implies that an associated charged kaon can effectively tag the B0s flavour at production.
The effective tagging efficiency achieved depends on both whether a B0 or B0s decay is
considered and on the kinematics (particularly the pT) of the selected decays, which may
be affected for example by trigger requirements.
3.4. Complementarity of experimental techniques
Table 3 summarises some key properties of hadron and e+e− collider experiments relevant
for measurements of CP violation in the B sector. It can be seen that the two kinds
of environments complement each other: e+e− collider experiments have much more
powerful flavour tagging capabilities and are better able to study final states involving
multiple neutral particles or missing energy. On the other hand, hadron colliders provide
access to all flavours of b hadrons and generate much larger yields for final states involving
only charged particles, especially leptons. Because of this complementarity, a new
generation of both hadron and e+e− collider experiments is planned. The Belle II [19,96]
and upgraded LHCb [20, 97] experiments aim to begin data-taking within the next
five years and will improve on their predecessor’s integrated luminosity by around an
order of magnitude, while maintaining or improving detector resolutions and particle
identification performance. In the further future, the Future Circular Collider (FCC)
initiative is investigating possibilities for both e+e− [98] and hadron colliders, operating
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at significantly higher energies than their LEP and LHC predecessors; the potential for
b physics at each of these is currently under active investigation.
Table 3: Summary of some relevant properties for b physics in different experimental
environments. Adapted from Ref. [99].
e+e− → Υ(4S)→ BB¯ pp¯→ bb¯X pp→ bb¯X
(
√
s = 2 TeV) (
√
s = 13 TeV)
PEP-II, KEKB Tevatron LHC
Production 1 nb ∼ 100µb ∼ 500µb
cross-section
Typical bb¯ rate 10 Hz ∼ 100 kHz <∼ 1 MHz
Pile-up 0 1.7 1–40
Trigger efficiency 100 % 20–80 %
B hadron mixture B+B− (∼ 50 %), B+ (40 %), B0 (40 %), B0s (10 %),
B0B0 (∼ 50 %) Λ0b (10 %), others (< 1 %)
B hadron boost small (βγ ∼ 0.5) large (βγ ∼ 100)
Underlying event BB pair alone Many additional particles
Production vertex Not reconstructed Reconstructed from many tracks
BB pair production Coherent Incoherent
(from Υ(4S) decay)
Effective flavour ∼ 30 % <∼ 6 %
tagging efficiency
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4. CP violation in tree-dominated transitions
4.1. Studies of CP violation using semileptonic decays
Semileptonic decays of B mesons such as B0 → D−µ+νµ can be considered the archetypal
tree-dominated transition. In the SM there is only a single amplitude; the decay is
therefore expected to be both CP -conserving and flavour-specific.† Although extensions
to the SM, in particular models with charged partners of the Higgs boson, could introduce
additional diagrams, these features are not expected to change. Semileptonic decays are
therefore ideal to provide theoretically clean measurements of CP violation in B0 or B0s
mixing, parametrised by adsl and a
s
sl respectively. These quantities can be predicted with
good precision in the SM from [9,101]
aqsl = Im
(
Γq12
M q12
)
≡
∣∣∣∣ Γq12M q12
∣∣∣∣ sinφq12 = ∆Γ(s)∆m(s) tanφq12 , (17)
where Γq12 and M
q
12 are the off-diagonal elements of the effective weak Hamiltonian that
describes B0(s)–B
0
(s) mixing (and that was diagonalised in Eq. (1) to obtain the physical
states), and φq12 is their relative phase. From these expressions and the measured (or
predicted) values of ∆Γ(s) and ∆m(s), it can be seen that the SM values of both a
s
sl and
adsl are smaller than a permille.
The experimental signature of CP violation in mixing is an asymmetry in the yield
of mixed decays (e.g. B0 → B0 → D+µ−νµ vs. B0 → B0 → D−µ+νµ). To measure
such an asymmetry requires knowledge of detection and production asymmetries, as
well as tagging of the initial flavour of the B meson. However, since there should be no
asymmetry in the unmixed yields, the effect of CP violation in mixing can also be probed
from the asymmetry in the total yields. This approach is attractive for experiments at
hadron colliders, where the comparatively small effective tagging efficiency would lead
to an important reduction in sensitivity. The untagged asymmetry is diluted compared
to the mixed asymmetry by a factor given by the inverse of the mixed fraction. Due
to the large value of ∆ms/Γs, this factor is effectively 2 in the B
0
s system; for the B
0
system it is somewhat larger and depends on the decay time acceptance. Although the
asymmetry is independent of the B decay time, analysis of the decay time distribution
can help to separate signal from background, and to isolate the asymmetry in mixing
from production or detection related effects.
A powerful method to obtain high yields with reasonable tagging efficiency is to
reconstruct same-sign lepton pairs. If both leptons originate from semileptonic B decays,
this signature can only arise when a neutral B meson has oscillated, and therefore
the asymmetry between positive and negative same-sign lepton pairs depends on CP
violation in mixing. In the e+e− → Υ(4S)→ BB environment, only adsl can contribute,
while for higher energy e+e−, pp¯ or pp collisions the inclusive dilepton asymmetry is
given by
Absl = Cd a
d
sl + Cs a
s
sl , (18)
† Neither of these features has been subjected to rigorous experimental tests [100].
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where Cd and Cs depend on the relative production rates of B
0 and B0s mesons, as
well as their respective probabilities to have mixed (which may depend on the selection
requirements). A possible additional term in Eq. (18) is discussed below.
Another approach to determine these asymmetries inclusively is to tag B particles
produced in top quark decays [102]. This method, recently implemented by ATLAS [103],
however results in low yields so that the measurements do not currently have competitive
precision.
Table 4: Summary of the latest results for the B0 mixing (adsl) and B
0
s mixing (a
s
sl) CP
asymmetries, as well as the inclusive dimuon asymmetry Absl measured at D0. In all cases the
statistical uncertainty is quoted first and the systematic second. All values are percentages.
The world averages [12] are from a fit to all adsl, a
s
sl and A
b
sl results, except for the latest LHCb
assl result [104]; an earlier result [105] is included instead. The latest SM predictions [9,101]
are given for comparison.
adsl (%) a
s
sl (%) A
b
sl (%)
BaBar K-tag [84,106] 0.06± 0.17 +0.38−0.32 – –
BaBar `` [107] −0.39± 0.35± 0.19 – –
Belle `` [85] −0.11± 0.79± 0.70 – –
LHCb [83,104] −0.02± 0.19± 0.30 0.39± 0.26± 0.20 –
D0 [86,108,109] 0.68± 0.45± 0.14 −1.12± 0.74± 0.17 −0.496± 0.153± 0.072
World average [12] −0.15± 0.17 −0.75± 0.41
SM −0.00047± 0.00006 0.0000222± 0.0000027 −0.023± 0.004
 [%]d
sla
3− 2− 1− 0 1
 
[%
]
s sl
a
4−
3−
2−
1−
0
1 Standard Model
Xνµ(*)DLHCb  
Xνµ(*)DD0  
νl*DBaBar 
llBaBar 
llBelle 
µµ
D0 
X
νµ s
D
D
0 
 
X
νµ s
D
LH
Cb
  
Figure 6: Measurements of assl and a
d
sl, with simple one-dimensional averages (that differ from
the values shown in Table 4) shown as horizontal and vertical bands, respectively [104]. The
yellow ellipse represents the D0 inclusive dimuon measurement [86] with ∆Γd set to its SM
expectation value.
Measurements of adsl, a
s
sl and A
b
sl have been performed by the BaBar, Belle, LHCb,
and D0 collaborations. The latest results are collected in Table 4 together with the world
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averages and SM predictions, which are also shown in Fig. 6. Belle have measured adsl using
the inclusive dilepton approach [85]. The data analysed correspond to approximately
one-tenth of the final Belle Υ(4S) sample, and therefore an update of this analysis
would be well motivated. BaBar also have a measurement with an inclusive dilepton
sample [107] and in addition have a measurement in which the signal B0 → D∗−X`+ν`
decay is partially reconstructed and a charged kaon reconstructed on the opposite side of
the event (K-tag) determines whether the B meson has mixed or not [84,106], allowing
the determination of detection asymmetries as well as adsl. The measurements of a
d
sl
from LHCb [83] and D0 [108] are obtained from untagged samples of B0 → D(∗)−Xµ+νµ
decays. Measurements of assl from LHCb [104] and D0 [109] are obtained from untagged
samples of B0s → D−s Xµ+νµ decays. Due mainly to the common method to determine
the muon detection asymmetry, there is a correlation of +0.13 between the LHCb assl
and adsl results.
The determination of the inclusive dimuon asymmetry Absl by D0 [86] has attracted
a great deal of attention due to the deviation, estimated to be 2.8σ, from the SM
prediction. Since the probabilities for B0 and B0s mesons to have mixed depend on
the selection criteria, D0 have performed the measurement in bins of the distances of
closest approach of the muons to the primary pp¯ interaction. This provides separation
between regions where Absl is dominated by a
d
sl and those where it is dominated by a
s
sl.
There is no significant difference between the values of Absl measured in the different
regions, however the consistency of the binned data with the SM prediction gives a more
significant deviation of 3.6σ. It has been noted [9, 110] that there is another possible
contribution to Absl, in addition to those given in Eq. (18). This contribution arises from
CP violation in interference between mixing and decay and is expected to be negligible
in the SM due to the small value of ∆Γd. Current constraints, both direct and indirect,
on ∆Γd do not, however, exclude a significant enhancement [111, 112], and therefore
improved determinations are needed. A similar possible contribution due to interference
between mixing and decay in B0s oscillations is negligible due to the small value of 2βs.
Thus, all measurements of the possible contributions to the inclusive dimuon asymmetry
are currently consistent with zero, and so the inclusion of the D0 result causes some
tension in the global fit.
It should be noted that many of the results given in Table 4 are dominated by
systematic uncertainties. Although some of these, for example due to uncertainty in
lepton misidentication probabilities, can be expected to scale with increased data samples,
it may prove hard to reduce the uncertainties below the permille level. The systematic
uncertainties in results from D0 tend to be smaller than those from other experiments,
as symmetries in the initial state and in the detector configuration can be exploited to
reduce the sizes of possible biases in the measurement. There is no immediate prospect
of larger data samples becoming available in such a symmetric environment, although
the possibility of this type of measurement at a future high luminosity Z factory should
be considered.
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4.2. Measurement of β and βs using b→ cc¯q transitions
The b → cc¯q transitions are characterised by a dominant b → c tree diagram, as well
as subleading b→ q penguin diagrams in which the cc¯ quark pair is emitted from the
loop. In the limit of negligible penguin contribution in a decay to a CP eigenstate
f , the parameter λf has unit magnitude and phase determined by the relevant CKM
matrix elements involved in the mixing and decay amplitudes. Therefore effects due
to CP violation in the interference of mixing and decay can be measured from the Sf
parameter of Eq. (13) giving theoretically clean determinations of β and βs in the B
0
and B0s systems, respectively:
Sf (B
0 → J/ψK0S ) = − ηCP sin(2β) , (19)
Sf (B
0
s → J/ψφ) = + ηCP sin(2βs) . (20)
In the above, ηCP is the CP eigenvalue of the final state, which is −1 for J/ψK0S and
depends on the transversity amplitude in the B0s → J/ψφ decay (these and other decay
channels are discussed in more detail in Secs. 4.2.1 and 4.2.2 below).‡ Note that the
change of sign between Eq. (19) and Eq. (20) arises due to the conventional definition of
Eq. (10) that makes the SM expectation for βs positive.
The expected level of suppression of the penguin/tree ratio for b→ cc¯s transitions
is O(λ2) × floop, where λ = sin θC ≈ 0.23 is the Wolfenstein parameter [51] (θC is the
Cabibbo angle [6]) and floop is the loop suppression factor. Since there is no reliable first
principles calculation of the size of this factor, it is of great interest to study also b→ cc¯d
transitions, where the penguin/tree ratio is not CKM-suppressed. Several methods
have been proposed that use flavour symmetries to relate decay modes mediated by
the two sets of quark-level transitions, and thereby to constrain the possible amount of
“penguin pollution” in the determination of β and βs, as discussed in Sec. 4.2.3. Explicit
calculations suggest that the effects of “penguin pollution” on the determinations of 2β
and 2βs are <∼ 1◦ [113–115].
4.2.1. Measurements of β The determination of sin(2β) from B0 → J/ψK0S [116,117]
has long been considered a “golden mode” of CP violation in the B system. The
experimental challenge is to measure the coefficient of the sinusoidal oscillation of the
decay-time asymmetry of Eq. (14). This motivated the design of the asymmetric e+e− B
factory experiments, BaBar and Belle, in which the boost of the produced B mesons in
the laboratory frame results in a separation of their decay vertices. Due to the quantum
correlations of the B mesons produced in Υ(4S) decay, the decay of one into a final state
that tags its flavour (B0 or B0) can be used to specify the flavour of the other at that
instant.
Through the measurement of sin 2β, BaBar [118] and Belle [119] were able to
make the first observations of CP violation outside the kaon sector, thus validating
‡ Here, and throughout the review, the symbols ρ, ω, K∗ and φ refer to the lightest vector meson of
the corresponding family: ρ(770), ω(782), K∗(892) and φ(1020). Only a few measurements have been
performed with final states involving higher excitations; these are not discussed for reasons of brevity.
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the Kobayashi-Maskawa mechanism. The results based on the final data samples of
BaBar [120] and Belle [121], shown in Fig. 7, clearly show the large CP violation effect.
These analyses include not only B0 → J/ψK0S , but also decays to the CP -odd final states
ψ(2S)K0S , ηcK
0
S and χc1K
0
S as well as the CP -even final state J/ψK
0
L . As well as these,
results have also been published on B0 → χc0K0S [122] and J/ψK0Spi0 [123,124] decays.
The latter are particularly interesting since the interference between the K∗0 resonance
and the Kpi S-wave can be used to measure cos(2β) and hence resolve an ambiguity
in the solution for β if only sin(2β) is known. The results prefer the SM solution, but
the precision is not sufficient to completely rule out the ambiguity. Updates of the
B0 → J/ψK0Spi0 analysis with the full BaBar and Belle statistics may be able to resolve
the solutions definitively.
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Figure 7: Results from (left) BaBar [120] and (right) Belle [121] on the determination of sin 2β.
The BaBar data are separated by the CP -eigenvalue of the final state, while only CP -odd
modes from Belle are shown here.
Results from LHCb also provide competitive precision on sin(2β) from B0 → J/ψK0S .
The latest LHCb result is compared to those from BaBar and Belle in Table 5. For all
experiments, the results are still statistically limited. Moreover, the largest sources of
systematic uncertainty differ between the e+e− and pp collision environments. Among
important sources of uncertainty for BaBar and Belle are understanding of the vertexing
and decay time resolution. For LHCb, however, the dominant source is due to possible
tagging asymmetries. Since these effects are expected to scale with statistics, to some
extent, there are good prospects for considerable further reduction in the uncertainty
with larger data samples.
The world average value, using determinations based on b→ cc¯s transitions, is [12]
sin 2β = 0.682± 0.019 which gives β = (21.5 +0.8−0.7)◦ . (21)
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Table 5: Latest experimental results on sin(2β). The first uncertainties are statistical and the
second systematic.
From J/ψK0S only From all cc¯K
0
S
BaBar [120] 0.657± 0.036± 0.012 0.687± 0.028± 0.012
Belle [121] 0.670± 0.029± 0.013 0.667± 0.023± 0.012
LHCb [125] 0.731± 0.035± 0.020
World average [12] 0.691± 0.017
Here only the solution consistent with the SM is given. The ambiguous value at pi/2− β
is disfavoured by several measurements (as discussed in this review); there is a further
ambiguity at pi + β which cannot be resolved through any measurement of 2β.
In addition to the well-studied charmonium-kaon modes discussed above, it is also
possible to determine β using B0 → D(∗)+D(∗)−K0S decays. These have been been
proposed as providing potential to resolve ambiguities in the determination of β, since
quantities proportional to both sin(2β) and cos(2β) can be measured [126]. Measurements
have been performed by both BaBar [127] and Belle [128], but are not yet sufficiently
precise to resolve the sign of cos(2β).
4.2.2. Measurements of βs Three b → cc¯s transitions have been used to measure βs
to date: B0s → J/ψK+K−, B0s → J/ψpi+pi−, and B0s → D+s D−s . The latest results are
collected in Table 6.§ Note that the results are presented in terms of the experimentally
observable CP -violating phase φs, which is equal to −2βs if the penguin contributions to
these decays are small. All measurements agree well with each other and with the SM
prediction [130] of −2βs = −0.0363± 0.0013 rad, and give a world average [12] of
−2βs = −0.034± 0.033 rad . (22)
The most widely used decay mode for the determination of βs is B
0
s → J/ψK+K−,
which in the low m(K+K−) region is dominated by the φ resonance. As B0s → J/ψφ is
a pseudoscalar to vector-vector transition, it contains a mixture of CP -even and CP -odd
amplitudes, due to the different possible polarisations of the final state, which must be
accounted for in the fit. These terms are disentangled by performing a simultaneous fit
to the decay-time and decay-angle distributions of the signal, where the relevant angles
are shown in Fig. 8 in the so-called “helicity basis” used in the LHCb measurement [136].
A further complication arises due to interference between the φ resonance and a broad
S-wave K+K− component, which must be accounted for in the fit. However, these
features can be turned to the benefit of the analysis, providing better sensitivity and
allowing to resolve an ambiguity in the results. For this reason, results are presented in
terms of φs rather than sin(φs) and cos(φs) or the Cf , Sf and A
∆Γ
f quantities introduced
in Sec. 2.4. The separation of the different components in the simultaneous decay-time
§ A recent result from LHCb with B0s → ψ(2S)φ decays [129] is not included as it has worse precision
compared to the other LHC results.
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Table 6: Latest experimental results on CP violation in B0s → J/ψK+K−, B0s → J/ψpi+pi−
and B0s → D+s D−s decays. Results are quoted in terms of φs, in units of radians, which is
equal to −2βs in the limit of vanishing penguin contributions. For the CDF result the quoted
interval combines statistical and systematic uncertainties at the 68 % confidence level, while
D0 report only the total uncertainty. For all other results, the first uncertainty is statistical
and the second systematic. The known sign of ∆Γs [131] has been used to break the ambiguity
in the reported solutions.
J/ψK+K− J/ψpi+pi− D+s D
−
s
CDF [132] [−0.06, 0.30] – –
D0 [133] −0.55 +0.38−0.36 – –
ATLAS [134] −0.098± 0.084± 0.040 – –
CMS [135] −0.075± 0.097± 0.031 – –
LHCb [136–138] −0.058± 0.049± 0.006 0.070± 0.068± 0.008 0.02± 0.17± 0.02
and decay-angle fit in the LHCb analysis is shown in Fig. 9. It should be noted that
in principle there could be different weak phase differences in each of the polarisation
amplitudes; to date, only LHCb has taken this into account in the analysis [136].
θµ
µ+µ−K+K−θK
y
ϕh
x
z
K−
µ−
µ+
B0s
K+
Figure 8: Angular (helicity) basis of the B0s → J/ψK+K−, J/ψ → µ+µ− transition, reproduced
from Ref. [139].
All current measurements are statistically limited. The dominant systematic
uncertainty for the most precise measurements is the knowledge of the variation of
the selection efficiency with the decay angles. This is taken from simulation samples
reweighted to match the data distributions, and therefore significant further reduction
in the uncertainty is expected to be possible with larger data samples. Moreover, all
results until now use only the low m(K+K−) region of B0s → J/ψK+K− decays, and
further sensitivity to φs can be achieved from contributions such as B
0
s → J/ψf ′2(1525)
at higher mass [140].
CP violation in the decay B0s → J/ψpi+pi− has to date only been studied by
LHCb [137]. The decay proceeds predominantly through the f0(980) resonance, and
has been shown to be an almost pure CP -odd eigenstate [141]. In that limit, angular
analysis of the final state would not be required; nevertheless, because the precision is
quite similar to that of B0s → J/ψK+K−, a decay-time-dependent amplitude analysis
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Figure 9: Background-subtracted decay-time and decay-angle distributions for B0s →
J/ψK+K− decays (data points) in LHCb [136], with the one-dimensional fit projections
overlaid. The solid blue line shows the total signal contribution, which is composed of CP -
even (long-dashed red), CP -odd (short-dashed green) and S-wave (dotted-dashed purple)
contributions.
has been used to model both the dominant CP -odd and subleading CP -even components.
The dominance of one CP eigenvalue allows the decay-time-dependent asymmetry to be
visualised, as shown in Fig. 10. The result is statistically limited, with the dominant
systematic uncertainty coming from the precision of the amplitude model.
CP violation in the decay B0s → D+s D−s has also been studied only by LHCb [138].
In this case the final state consists of two pseudoscalar mesons and there is no ambiguity
about its CP content and consequently no need for any angular analysis. However, since
there are no muons in the final state, requirements imposed in the trigger (in particular,
on the impact parameter with respect to the primary pp collision vertex) tend to bias
the decay-time distribution. Precise knowledge of this effect is necessary, and causes
the largest contribution to the systematic uncertainty, which nonetheless is negligible
compared to the current statistical precision.
It is worth noting that in the B0s → J/ψK+K− mode, all of Γs, ∆Γs, ∆ms, and φs
can be measured simultaneously, together with parameters that describe the relative
magnitudes and phases of the different polarisation amplitudes. Indeed, this channel
gives the most precise determination of Γs and ∆Γs, and also gives good precision on
∆ms (though not competitive with the result based on B
0
s → D−s pi+ decays [142]). In
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Figure 10: Decay-time asymmetry for B0s → J/ψpi+pi− decays (data points) in LHCb [137],
with the fit projection overlaid. The data are folded into one oscillation period.
some of the experimental analyses, however, these parameters are fixed in order to
simplify the analysis. For the CP -eigenstate modes, only a specific combination of Γs
and ∆Γs (corresponding to the effective lifetime; see Eq. (16)) can be determined, and
it is common to fix these parameters, as well as ∆ms, in order to reduce the need for
precise understanding of the variation of the efficiency with decay time.
4.2.3. Investigation of penguin contributions with b→ cc¯d transitions As experimental
precision improves, it becomes increasingly important to quantify the contribution
of penguin diagrams to b → cc¯s modes, in order to interpret the results in terms
of β and βs with minimal theoretical uncertainty. One consequence of a significant
penguin contribution could be a non-zero parameter of CP violation in decay in b→ cc¯s
transitions. Results for Cf in B
0 decay modes are consistent with zero within a few percent
uncertainty [12]; results in B0s decays are also consistent with no CP violation in decay.
The most precise limit on CP violation in this type of transition is however [15, 69,143]
ACP (B+ → J/ψK+) = 0.003± 0.006 . (23)
While these results indicate that the penguin contribution is likely to be small, it is
possible that effects of CP violation in decay are suppressed by small strong phase
differences. Thus, additional information is needed to estimate the size of the penguin
effect on β and βs.
As mentioned in the introduction to Sec. 4.2, one way to investigate further the
penguin transitions is to search for their effects in b → cc¯d transitions (for detailed
discussions, see for example Refs. [113–115,144–146]). Searches for CP violation in decay,
for example in B+ → J/ψpi+ [68] and B+ → D0D+ decays [147], set limits at the level
of a few percent, but as mentioned above there may be suppression due to small strong
phase differences. A more comprehensive approach is to search for deviations from the
b → cc¯s values of β and βs in B0 and B0s decays to self-conjugate final states. This
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is particularly attractive in cases where decays can be related by the U-spin flavour-
symmetry of the strong interaction, such as B0 → J/ψK0S ←→ B0s → J/ψK0S and
B0s → D+s D−s ←→ B0 → D+D− [148]. Measurements of mixing-induced CP violation in
B0 → D+D− decays [149–151] are, in fact, in slight tension with the value of sin(2β)
from b → cc¯s decays, as shown in Fig. 11. However, this arises partly because the
central value of the Belle result [150] lies outside the physical region S2f + C
2
f ≤ 1, and
therefore any interpretation must be made with great care. Improved measurements
are needed. In the case of B0s → J/ψK0S decays, the available yield is sufficient only
for a rather imprecise determination of the mixing-induced asymmetry parameters,
as has recently been performed by LHCb [152]. ATLAS and CMS may be able to
contribute measurements of these observables, which would be useful to reduce the
overall uncertainty.
sin(2βeff) ≡ sin(2φe1ff)  vs  CCP ≡ -ACP
Contours give -2∆(ln L) = ∆χ2 = 1, corresponding to 39.3% CL for 2 dof
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Figure 11: Summary of measurements of −ηfSf and Cf in B0 decays dominated by the b→ cc¯d
transition [12]. The yellow point shows the reference point (−ηfSf = sin(2β)) determined from
b→ cc¯s transitions.
Better knowledge about the penguin effects can be obtained by using a larger basis
of flavour-symmetries, such as SU(3). For example, measurements of CP violation effects
in B0 → J/ψpi0 can be used to obtain useful constraints on the penguin contribution to
B0 → J/ψK0S [113, 153]. Similarly, results on B0 → J/ψρ0 decays provide information
about possible penguin pollution in B0s → J/ψφ. Branching fraction measurements are
also an important component of the SU(3) analysis. The latest results on CP violation
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in B0 → J/ψpi0 [154, 155] and J/ψρ0 [156] decays are also shown in Fig. 11; these
currently provide the strongest experimental limits on penguin pollution in β and βs.
Note that B0 → J/ψρ0 is a pseudoscalar to vector-vector decay, and therefore contains
an admixture of CP -even and CP -odd in the final state; however results are presented in
terms of −ηfSf and Cf to enable a useful comparison with other measurements.
Another channel that can help to understand penguin effects is B0s → J/ψK∗0 [114,
115,144]. A detailed analysis allowing for CP violation effects that may differ between
different polarisation amplitudes has recently been performed by LHCb [157]. No
significant CP violation effect is seen.
Current determinations of the possible penguin effects in the determinations of 2β
and 2βs limit the bias at less than about 1
◦. This is less than the current experimental
uncertainties, as given in Secs. 4.2.1 and 4.2.2, but not by much. Further reduction
should be possible with improved measurements in the channels discussed above.
4.3. Measurement of β(s) using b→ cu¯d transitions
An alternative approach to reduce uncertainties from penguin contributions is to
determine β and βs from decay modes where there is no possibility of such amplitudes.
Decays mediated by the b → cu¯d transition, for example B0 → Dpi0 and B0s → DK0S ,
provide such potential [158]. When the neutral D meson is reconstructed in a CP
eigenstate, the formalism of Eqs. (11)–(14) can be used. (The additional light meson,
pi0 or K0S , must also be reconstructed in a CP eigenstate, as achieved with the pi
0 → γγ
and K0S → pi+pi− decays.) This, however, allows amplitudes mediated by the b→ uc¯d
transition to contribute. The relative weak phase between b → uc¯d and b → cu¯d is γ,
while the ratio of magnitudes is expected to be around 0.02. Therefore, some small
biases in the determination of β(s) can be expected. The leading effects, however, have
opposite signs for the cases where the D meson is reconstructed in CP -even and -odd
final states [159,160], and therefore if both are measured the theoretical uncertainty on
βs can be kept under excellent control. Note also that, in certain circumstances, the
interference between b→ uc¯d and b→ cu¯d amplitudes can be used to make a competitive
determination of γ, as discussed in Sec. 4.4.2.
An interesting modification of this method utilises multibody decays of the D meson
such as K0Spi
+pi− [161]. In this case, interference between amplitudes contributing to the
D decay provides sensitivity to cos(2β(s)) as well as sin(2β(s)). Similarly to the methods
discussed in Sec. 4.2, the determination of cos(2β) can remove the ambiguity inherent in
measurements of sin(2β) alone.
Measurements of CP violation in the decay-time dependence of B0 decays mediated
by the b→ cu¯d transition have been performed combining many final states of the form
D(∗)h0, where h0 is a light meson (such as pi0 or η). BaBar and Belle have independently
performed analyses with D → K0Spi+pi− [162, 163], and a combined analysis of D(∗)CPh0
decays has been performed [164]. The latter gives the first observation of CP violation
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in b→ cu¯d transitions, and a combination of all results [12] gives
sin(2β)b→cu¯d = 0.63± 0.11 . (24)
Thus, CP violation in the interference between mixing and decay has been observed in
these transitions. The average for cos(2β) prefers the SM solution for β. The comparison
of the b→ cu¯d value of β with that from b→ cc¯s processes will become more and more
important as the precision improves.
All measurements of b→ cu¯d processes to date are statistically limited, and therefore
further reduction of uncertainties can be anticipated with larger samples. These modes
are, however, challenging to reconstruct at hadron colliders when the decay products of
the light meson h0 include photons. A more attractive channel for LHCb is therefore
B0 → Dpi+pi−, including a significant contribution from the Dρ0 intermediate state.
The decay-time distribution of this decay provides sensitivity to both sin(2β) and
cos(2β) [165, 166]. A Dalitz plot analysis of B0 → D0pi+pi− with D0 → K+pi− [167]
demonstrates the large yields available at LHCb and the potential for a future decay-
time-dependent analysis with the D meson reconstructed in CP eigenstates.
It should be noted that in the case of the measurements with D → K0Spi+pi−, lack
of knowledge of the correct D decay Dalitz plot model leads to a significant source of
systematic uncertainty. As precision improves, it could therefore be of interest to explore
model-independent approaches based on binning the Dalitz plot, as discussed for the
determination of γ from B → DK in Sec. 4.4.1. First results with the model-independent
approach have been reported by Belle [168].
While good experimental progress has been made on B0 decays mediated by the
b→ cu¯d transition, the same cannot be said for the B0s modes. The B0s → DK0S decay
has recently been observed [169], but rather modest yields are available at LHCb, due to
the relatively low efficiency to reconstruct the long-lived K0S meson. Prospects may be
somewhat better for B0s decays mediated by the b→ cu¯s transition. The phenomenology
in this case is similar to that for the b→ cu¯d case, but the interference effects between
b → cu¯s and b → uc¯s are larger. This leads to greater sensitivity to γ, and therefore
these modes will be discussed in that context in Sec. 4.4.2. However, it is germane to
the discussion here to note that both the quasi-two-body B0s → D0φ [170], and the
three-body B0s → D0K+K− [171] decays have been measured at LHCb. With larger
data samples, these modes (in cases where the D meson is reconstructed in a final state
accessible to both D0 and D0 decay) can be used to probe βs without uncertainty due
to penguin contributions [172].
4.4. Measurement of γ exploiting interference between b→ cu¯s and b→ uc¯s transitions
4.4.1. Methods based on CP violation in decay Interference between the tree-level
b→ cu¯s and b→ uc¯s transitions allows the angle γ to be determined from CP violation
in decay. This is possible since, although the two transitions give different final states, for
example B− → D0K− and B− → D0K−, interference occurs when the neutral D meson
is reconstructed in a decay mode that is accessible to both, as illustrated in Fig. 12. It is
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important to note that, since only tree-level amplitudes are involved, the determination
of γ provides a SM benchmark measurement of CP violation, with essentially negligible
theoretical uncertainty from higher-order electroweak amplitudes [173]. Small effects
from mixing and CP violation in the D0–D0 system can be included in the analysis, and
are neglected in this discussion.
In the simplest case, where the D meson is reconstructed in a CP eigenstate, the
asymmetry of Eq. (5) becomes
ACP =
±2 rB sin(δB) sin(γ)
1 + r2B ± 2 rB cos(δB) cos(γ)
, (25)
where the + (−) sign corresponds to CP -even (-odd), rB is the ratio of the magnitudes
of the b → uc¯s and b → cu¯s amplitudes and δB is their relative strong phase. The
parameter rB governs the possible size of interference effects between the two amplitudes.
In B− → DK− decays, the expectation (confirmed by experiment) is rB ∼ 0.10 due
to the magnitudes of relevant CKM matrix elements and the “colour-suppression” of
the b→ uc¯s amplitude which arises as the s quark produced from the internal virtual
W boson must form a colour neutral object with the spectator u¯ quark, as seen in
Fig. 12(right).
Figure 12: Leading diagrams for B− → DK− decays: (left) b → cu¯s and (right) b → uc¯s
transitions.
The crucial feature of B− → DK− (and similar) decays is that the neutral D meson
can be reconstructed in different final states – this provides the unique potential to
determine a CKM phase from CP violation in decay with low theoretical uncertainty.
A two-body D decay final state f introduces two new hadronic parameters (rD and
δD, which are, respectively, the ratio of the magnitudes and the relative phase of the
amplitudes for D0 and D0 decay to f), leading to a modified version of Eq. (25):
ACP =
2 rDrB sin(δB + δD) sin(γ)
r2D + r
2
B + 2 rBrD cos(δB + δD) cos(γ)
. (26)
The hadronic parameters describing the D decay can be independently determined, either
from samples of quantum-correlated ψ(3770)→ DD decays [174–177] or from studies
of charm mixing [12, 178, 179]. By combining this information with measurements of
asymmetries and also rates in B− → DK− processes with various different D decays,
sufficient independent constraints can be obtained to determined the three parameters γ,
rB and δB. Multibody D decays can also be used, in a similar way.
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It has become conventional to refer to analyses of B → DK decays with different
D meson final states by the initials of authors of theory papers discussing their use.
• The use of D decays to CP eigenstates is referred to as the GLW method [180,181].
Reasonably high yields can be obtained with the CP -even final states K+K− and
pi+pi−, and results are available from several experiments [182–185]. The CP -odd final
states, such as K0Spi
0, are challenging to reconstruct in a hadronic collision environment,
and therefore results are only available from the e+e− B factory experiments BaBar
and Belle [182,183]. The world averages are [12]
ACP (B
− → DCP+K−) = + 0.111± 0.018 ,
ACP (B
− → DCP−K−) = − 0.10± 0.07 . (27)
The first average demonstrates CP violation in decay in these modes. The most precise
of the available results is that from LHCb [185], illustrated in Fig. 13.
Figure 13: Yields of (top) B∓ → DK∓ and (bottom) B∓ → Dpi∓ candidates in LHCb [185],
with fit projections overlaid. The D mesons are reconstructed in the CP -even K+K− final state.
The CP asymmetry, measured to be ACP = +0.097± 0.018± 0.009 (including also D → pi+pi−
decays), can be seen as an excess in the B → DK signal peak for (left) B− compared to (right)
B+ candidates.
• Some multibody decays have been found to be dominantly CP -even, although they are
not a priori CP eigenstates. This can be quantified in terms of the fractional CP -even
content F+. This quantity has been measured using CLEOc ψ(3770)→ DD data for
three modes: F+(D
0 → pi+pi−pi0) = 0.973±0.017, F+(D0 → K+K−pi0) = 0.732±0.055
and F+(D
0 → pi+pi−pi+pi−) = 0.737± 0.028 [186]. It has been shown that such decays
can be used to obtain information about γ in a “quasi-GLW” analysis [187], in which
Eq (25) is modified to
ACP =
2 (2F+ − 1) rB sin(δB) sin(γ)
1 + r2B + 2 (2F+ − 1) rB cos(δB) cos(γ)
. (28)
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Such analyses have been performed by LHCb with the D → pi+pi−pi0, K+K−pi0 [188]
and pi+pi−pi+pi− [185] decays. An earlier analysis with B± → [pi+pi−pi0]DK± decays by
BaBar [189] had noted the dominantly CP -even nature of the final state and measured
ACP , whilst also using this information in an amplitude analysis.
• The asymmetry of Eq. (26) can be largest when rD ∼ rB. Therefore, it is particularly
interesting to use doubly-Cabibbo-suppressed D decays, such as D0 → K+pi− for
which rD ∼ 0.06 [12], which is known as the ADS method [190, 191]. The fact that
the B− → [K+pi−]DK− final state involves only charged tracks makes this channel
accessible to several experiments [185,192–194]. The world average is [12]
ACP (B
− → [K+pi−]
D
K−) = −0.41± 0.06 , (29)
representing a significant CP violation effect in this mode.
• Multibody doubly-Cabibbo-suppressed D decays can be used in an extension of
the ADS method [191].‖ Similarly to the quasi-GLW method, additional hadronic
parameters are introduced in a modified version of Eq. (26),
ACP =
2κ rDrB sin(δB + δD) sin(γ)
r2D + r
2
B + 2κ rBrD cos(δB + δD) cos(γ)
. (30)
where the coherence factor κ quantifies the dilution of the asymmetry due to
interference between different resonances in the multibody final state (0 < κ < 1).
The parameters rD and δD also become effective parameters, averaged over the
phase space of the decay. Multibody ADS analyses have been performed by BaBar,
Belle and LHCb for B− → [K+pi−pi0]DK− decays [188, 195, 196] and by LHCb for
B− → [K+pi−pi+pi−]DK− decays [185].
• In the case of D decay to a multibody self-conjugate final state that is not dominated by
one CP eigenstate, the distribution of decays over the phase space provides additional
sensitivity to γ. The study of this distribution can be performed either with an
amplitude model for the D decay or model-independently; either approach is referred
to as the GGSZ method [197,198]. In the former case, the choice of amplitude model
results in a systematic uncertainty that is hard to quantify. In the model-independent
analysis the phase space (described by a Dalitz plot in the case of three-body decays)
is binned, and the method requires knowledge of the average cosine and sine of the
strong phase difference between amplitudes for D0 and D0 decays to points within each
bin [197,199,200]. Such knowledge can be obtained from ψ(3770)→ DD samples, with
results available from CLEOc [201,202]. The limited precision of these measurements
leads to a systematic uncertainty on γ which, however, often appears as part of
the statistical error since it is experimentally convenient to constrain these hadronic
parameters within uncertainties through a Gaussian penalty term in the likelihood
function used in the fits.
The GGSZ method gives good sensitivity to γ as it combines the strong features of
the GLW and ADS approaches in channels with relatively large yields available. For
‖ Since Ref. [191] describes the use of multibody D decays, this is considered part of the ADS method
rather than a “quasi-ADS” approach.
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example, in D0 → K0Spi+pi− decays there are contributions from the singly-Cabibbo-
suppressed decay to the CP eigenstate K0Sρ
0 and from the doubly-Cabibbo-suppressed
decay to K∗+pi−, and interference between these resonances not only enhances the
sensitivity, but allows ambiguities in the determination of γ to be resolved. In
fact, unlike most other methods, the value of γ can be determined directly in the
GGSZ method, but it has become conventional for experiments to fit instead for the
parameters x±, y± where
x± + iy± = rB exp {i(δB ± γ)} . (31)
These parameters are statistically more robust, and allow for more straightforward
combination with results from other methods.
Model-dependent results for B− → [K0Spi+pi−]DK− are available from BaBar, Belle
and LHCb [203–205] (the BaBar analysis also uses the D → K0SK+K− decay). The
model-independent approach has been used by Belle and LHCb [206,207], in the former
case using D → K0Spi+pi− only, and in the latter including also the D → K0SK+K−
decay. The experimental results are summarised in Table 7 and illustrated in Fig. 14.
The averages are more precise in the model-dependent case, and are [12]
x+ = −0.098± 0.024 , y+ = −0.036± 0.030 ,
x− = 0.070± 0.025 , y− = 0.075± 0.029 , (32)
where the effect of model dependence has been neglected since it is not known how
much uncertainty should be applied to the average (the uncertainties assigned by
BaBar [203] and LHCb [205] are an order of magnitude smaller than those assigned
by Belle [204]). If this problem is overlooked, corresponding to negligible model
dependence, the results demonstrate CP violation in B− → DK− decays.
• A final category of hadronic D decays contains singly-Cabibbo-suppressed transitions
to non-self-conjugate final states, for example D0 → K∗±K∓. These modes can
be studied in the GLS approach [208]. One experimental result is available from
LHCb [209]. Until now, the yields available in the relevant channels make this method
less statistically sensitive than the others.
In addition to there being numerous D decay final states to consider, there are also
strong reasons to include additional B decays. Each B decay has its own hadronic
parameters rB and δB, but as well as contributing to the reduction of statistical
uncertainty, certain decays have particular advantageous features that can be exploited.
• In B → D∗K decays, there is an effective strong phase shift of pi between the D∗
decays to Dpi0 and Dγ [210]. This must be accounted for in any analysis involving D∗
decays, but is particularly beneficial for the ADS method since it provides additional
constraints on the phase γ. Results based on B → D∗K decays are available with the
GLW, ADS and GGSZ methods from BaBar and Belle [183,195,203,204,211]. These
modes are challenging for experiments at hadron colliders.
• The value of rB is expected to be larger in neutral B meson decays to DK, compared
to that for charged B meson decays, as both amplitudes are colour-suppressed: the
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Table 7: Results from B− → DK− GGSZ analyses. For the model-dependent analyses the
third uncertainty is due to the choice of D decay model, while for the model-independent
analyses the third uncertainty arises from the precision of the constraints of the hadronic
parameters describing the average strong phase difference in each Dalitz plot bin. Note that
the data samples used in the model-dependent and -independent analyses by each experiment
are overlapping, and therefore the results are not statistically independent.
BaBar [203] Belle [204,206] LHCb [205,207]
Model-dependent
x+ −0.103± 0.037± 0.006± 0.007 −0.107± 0.043± 0.011± 0.055 −0.084± 0.045± 0.009± 0.005
y+ −0.021± 0.048± 0.004± 0.009 −0.067± 0.059± 0.018± 0.063 −0.032± 0.048 +0.010−0.009 ± 0.008
x− 0.060± 0.039± 0.007± 0.006 0.105± 0.047± 0.011± 0.064 0.027± 0.044 +0.010−0.008 ± 0.001
y− 0.062± 0.045± 0.004± 0.006 0.177± 0.060± 0.018± 0.054 0.013± 0.048 +0.009−0.007 ± 0.003
Model-independent
x+ −0.110± 0.043± 0.014± 0.007 −0.077± 0.024± 0.010± 0.004
y+ −0.050 +0.052−0.055 ± 0.011± 0.007 −0.022± 0.025± 0.004± 0.010
x− 0.095± 0.045± 0.014± 0.010 0.025± 0.025± 0.010± 0.005
y− 0.137 +0.053−0.057 ± 0.015± 0.023 0.075± 0.029± 0.005± 0.014
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Figure 14: Compilation of (left) model-dependent and (right) model-independent results from
GGSZ analyses of B− → DK− decays [12]. The plotted variables x± and y± are defined in
Eq. (31); the angle between the two lines from the positions of (x±, y±) to the origin is equal to
twice the value of γ. Note that in the model-dependent case the average is performed without
including the model uncertainty.
expectation is rB ∼ 0.3. In B0 → DK∗0 decays, the charge of the kaon in the
K∗0 → K+pi− decay provides a tag of the flavour of the decaying B meson [212]. Thus
initial state flavour tagging, which would lead to a reduction in sensitivity, is not
required. However, the finite width of the K∗0 resonance means that other contributions
to the B0 → DK+pi− Dalitz plot can enter the selection window. Consequently an
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additional hadronic parameter must be included in the analysis in a similar way to the
coherence factor of Eq. (30), and the quantities rB and δB become effective parameters
corresponding to the region of the DK+pi− Dalitz plot particular to the K∗0 selection
requirements [213]. Results on B0 → DK∗0 decays are available from BaBar, Belle
and LHCb with GLW, ADS and GGSZ methods [214–220].
• The methodology of Ref. [213] can be extended to any B → DXs decay, where
Xs is a charged or neutral hadronic system with unit strangeness. Results on
B− → DK∗− have been presented by BaBar and Belle using GLW, ADS and GGSZ
methods [203,221,222], but the comparatively small yields available limit the sensitivity
achievable. LHCb has presented results on B− → DK−pi+pi− [223], which appears to
be a promising channel.
• The B0 → DK∗0 analysis can be extended by using an amplitude model to fit
the full B0 → DK+pi− Dalitz plot [224, 225]. In this case interference between
B0 → D∗2(2460)−K+ and B0 → DK∗0 can be exploited to obtain additional sensitivity
and to break ambiguities in the determination of γ. LHCb have obtained results with
this method using favoured D → K−pi+ decays as well as the D → K+K− and pi+pi−
modes [226,227]. The results of the analysis include values for the x±, y± parameters
for B0 → DK∗0 decays as well as determinations of the hadronic parameters for this
channel.
• In addition to GLW- and ADS-like analyses of the B0 → DK+pi− Dalitz plot
distribution, a double Dalitz plot analysis of B0 → [K0Spi+pi−]DK+pi− (and similar)
decays is possible [228]. In this case, it is possible to perform the analysis without
model assumptions for both the B and D decay Dalitz plots. This approach, however,
requires large samples and has not yet been pursued experimentally.
• Interference between the b→ cu¯d and b→ uc¯d transitions contributing to B− → Dpi−
decays can, in principle, be used to determine parameters sensitive to γ in a similar
way as for B− → DK− decays. However, the expected small size of the interference
effect (rB ∼ 0.01) makes this approach in general less statistically sensitive, and more
susceptible to systematic biases. An exception arises for the ADS method, as rD
and rB are still of comparable magnitude. Such analyses have been carried out with
B− → D(∗)pi− decays by several experiments [185, 188, 192–194, 196]. In fact, it is
becoming common for the experiments to report results with B− → Dpi− decays also
for the GLW and GGSZ methods, and to include these channels in combinations to
determine γ (e.g. in Refs. [229,230]). Even if B− → Dpi− decays have less sensitivity
to γ, the inclusion of these modes is valuable to obtain the best possible precision and
to ensure that subleading effects are correctly handled.
4.4.2. Methods based on CP violation in interference between mixing and decay The
B0s meson can decay to both D
+
s K
− and D−s K
+ final states, through b → cu¯s and
b → uc¯s transitions respectively. Since different final states are involved, there is no
CP violation in decay, but instead the parameters of CP violation in the interference
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between mixing in decay, given in Eq. (11)–(13), are sensitive to γ − 2βs [231–233]. If γ
were well-known from other processes, results on B0s → D∓s K± could therefore be used
to obtain a determination of βs using only tree-level decays. Since this is not the case,
but instead βs is well-known from b→ cc¯s transitions, the results are more commonly
interpreted in terms of γ. Similar determinations are possible in related processes –
for example CP violation in interference between mixing and decay in B0 → D(∗)∓pi±
processes, which are mediated by b → cu¯d and b → uc¯d transitions, probes 2β + γ.
Indeed, the B0s → D∓s K± and B0 → D∓pi± processes are related to U-spin, and therefore
the measurements can combined in a joint analysis [233] in order to better control the
hadronic parameters. This, however, results in only a small [50] improvement on the
knowledge of γ which could be obtained from B0s → D∓s K± alone.
Due to the small value of ∆Γd, the only relevant observables in B
0 → D(∗)∓pi± decays
are Sf and Sf¯ which depend on 2RD(∗)pi sin(2β + γ ± δD(∗)pi). The ratio of magnitudes of
b→ uc¯d and b→ cu¯d amplitudes, RD(∗)pi, has large CKM suppression and is expected
to be about 0.02, making the deviation of |Cf | and
∣∣Cf¯ ∣∣ from unity unobservably small.
In addition the strong phase difference between the two amplitudes, δD(∗)pi must be
determined from the data. Since there are only two observables that depend on three
unknown quantities, it is necessary to use additional information, for example exploiting
flavour symmetry relations to constrain RDpi from the measured branching fraction of
B0 → D+s pi− [232]. Such an approach however introduces theoretical uncertainty due to
breaking of the SU(3) flavour symmetry. Moreover, there are discrete ambiguities in the
solutions for 2β + γ.
Measurements have been made of the CP violation parameters in B0 → D∓pi± [234,
235], D∗∓pi± [234–237] and D∓ρ± [234] decays. The samples of B0 → D∗∓pi± decays
available are increased by use of a partial reconstruction technique [236,237], and the
average of results in this mode provides evidence for a significant CP violation effect. It
is not, however, as yet possible to obtain strong constraints on 2β + γ.
In the case of B0s → D∓s K± decays, the ratio RDsK is expected to be around 0.3–0.4,
allowing the full set of observables in Eq. (11)–(13) to be determined from the four
decay-time-dependent decay rates. They are related to the physics parameters γ − 2βs,
δDsK and RDsK by
Cf = −Cf¯ = 1−R
2
DsK
1+R2DsK
,
A∆Γf =
−2RDsK cos(γ−2βs−δDsK)
1+R2DsK
, A∆Γ
f¯
=
−2RDsK cos(γ−2βs+δDsK)
1+R2DsK
,
Sf =
−2RDsK sin(γ−2βs−δDsK)
1+R2DsK
, Sf¯ =
−2RDsK sin(γ−2βs+δDsK)
1+R2DsK
.
(33)
In this case the sinusoidal and hyperbolic observables result in staggered constraints in
the δDsK : (γ − 2βs) plane, and consequently their combination results in only a twofold
ambiguity in the measured value of γ − 2βs. The observables have been measured by
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LHCb using the 1 fb−1 sample collected in 2011, as shown in Fig. 15, to be [238]
Cf = 0.53± 0.25± 0.04 ,
A∆Γf = 0.37± 0.42± 0.20 , A∆Γf¯ = 0.20± 0.41± 0.20 ,
Sf = −1.09± 0.33± 0.08 , Sf¯ = −0.36± 0.34± 0.08 ,
(34)
where the first uncertainty is statistical and the second systematic. From an experimental
point of view, the key difficulty is the fact that the hyperbolic observables A∆Γf and A
∆Γ
f¯
require precise knowledge of the variation with decay time of the selection efficiency,
which is reflected in the larger systematic uncertainties on those observables. This can,
however, be reduced in future using the B0s → D−s pi+ decay as a control channel. The
results do not yet give strong constraints on γ − 2βs, but reduction in uncertainty is
expected when larger data samples are analysed. It is anticipated that it will also be
possible to use B0s → D∗∓s K± decays [239] to help reduce the uncertainty.
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Figure 15: Decay-time-dependent asymmetries of Eq. (14) for (left) B0s → D+s K− and (right)
B0s → D−s K+ [238]. To improve the visualisation the decay-time has been folded by 2pi/∆ms.
In addition to the two-body decays discussed above, similar methods can be applied
to multibody final states. In such cases additional interference effects arise due to
the different resonances that contribute to the decay, potentially leading to enhanced
sensitivity. For example, a decay-time-dependent analysis of the Dalitz plot distribution
of B0 → D∓K0Spi± decays can be used to determine 2β + γ [240]. Unfortunately, the
available yields do not allow a useful constraint [241]. Similarly, the proposal to study
CP violation in B0s → DK+K− decays [172] requires much larger samples than are
available at present [171].
4.4.3. Combined constraints on γ For a specific B decay, the methods discussed above
are all sensitive to the same underlying parameters: γ and the hadronic parameters rB
and δB. The different methods introduce additional hadronic parameters related to the
D decay used, but these are known from independent measurements, typically from
quantum-correlated ψ(3770)→ DD samples. Therefore, the best sensitivity to γ, and
the hadronic parameters, can be achieved by combining results from as many different
methods as possible. Similarly, it is desirable to include B decays to different final states
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Figure 16: Two-dimensional contours for γ versus the hadronic parameter rB in (left)
B− → DK− and (right) B0 → DK∗0 decays [230]. The obtained constraints on the hadronic
parameters are rDKB = 0.1019± 0.0056 and rDK
∗0
B = 0.218
+0.045
−0.047.
(DK−, DK∗0, D∗K−, etc.), as long as there are sufficient measurements in each mode
to compensate for the additional hadronic parameters introduced.
Such combinations have been performed by BaBar [242], Belle [243] and LHCb [229,
230], each using only their own results, together with auxiliary data on the hadronic
parameters in charm decays, as inputs. The results are
γ =

(
69 +17−16
)◦
BaBar ,(
68 +15−14
)◦
Belle ,(
72.2+6.8−7.3
)◦
LHCb .
(35)
Two-dimensional contours for γ versus the hadronic parameter rB in B
− → DK− and
B0 → DK∗0 decays, obtained by LHCb [230], are shown in Fig. 16. The world average,
combining results from all experiments, gives γ = (71.3 +5.7−6.1)
◦ [12].
As mentioned above, it is also possible to include results from B− → Dpi− decays.
In this case, however, the smaller value of rB makes the determination of γ more sensitive
to effects due to charm mixing [244–246]. Biases are also possible due to CP violation in
the kaon or charm systems, although these are not important effects with the current
precision. Since the fractional uncertainty on rB in B
− → Dpi− decays is larger compared
to the B− → DK− case, the analysis is less statistically robust, and more dependent on
the choice of framework used for the combination (such as frequentist or Bayesian). For
these reasons, results from B− → Dpi− decays are often excluded from the combinations,
as here.
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5. CP violation in loop-dominated transitions
Decays that receive contributions from penguin diagrams only are of interest to test the
SM, as effects of physics at high energy scales can contribute through loops. This is true
for the radiative and semileptonic decays b→ (s, d)(γ, `+`−, νν¯), as well as for hadronic
decays that proceed through b → ss¯s, b → dd¯s and b → ss¯d quark-level transitions.
However, there is some uncertainty in the SM predictions for CP violating phenomena
since, unlike the case for pure tree amplitudes, each penguin diagram can have three
different SM quarks appearing in the loop, and therefore there may be contributions
with different weak phases. For example, the b→ s amplitude can be written
P = Pu VubV
∗
us + Pc VcbV
∗
cs + Pt VtbV
∗
ts . (36)
CKM unitarity can be used to replace one of these terms, for example
P = (Pc − Pu)VcbV ∗cs + (Pt − Pu)VtbV ∗ts . (37)
This choice cannot, of course, affect the physical observables, as emphasised in the
concept of “reparametrisation invariance” [247]. It does, however, affect the weak phase
between the two remaining terms and hence the interpretation of the observables.
A further complication, due to hadronisation, affects particularly the decays mediated
by b → ss¯s, b → dd¯s and b → ss¯d transitions. If one of the final state mesons has
a uu¯ component in its wavefunction, then tree diagrams can also contribute. For the
discussion in this section, the φ and η′ resonances will be considered as ss¯ dominated; in
some works this is also considered a good approximation for the f0(980) meson, however
since the scalar sector is in general less well understood [248, 249], that is not done
here. In all cases it should be remembered that subleading amplitudes – which can
include long-distance rescattering contributions (see, for example, Ref. [250]) – can have
important effects. For the same reasons, the b→ dd¯d transition is not considered in this
section as a loop-dominated process. Decays with both tree and loop contributions are
discussed in Sec. 6.
5.1. Searches for CP violation in decay in loop-dominated transitions to hadronic final
states
For b→ ss¯s transitions, the relative weak phase between the two terms of Eq. (37) is βs.
Since this is small, and since the Pt term is expected to dominate, decays dominated by
this transition are not expected to exhibit CP violation in decay in the Standard Model.
As loop diagrams are sensitive to physics at high scales, such decays can be used to make
powerful tests of the SM with, as usual, the caveat that a strong phase difference is also
necessary for any manifestation of CP violation in decay.
Large yields are available in the B+ → φK+ and B+ → η′K+ decays. Searches for
CP violation in decay in these modes [251–255] have not revealed any significant effect
up to the precision of a few percent, as expected in the SM. The world averages are
ACP (B+ → φK+) = 0.016±0.013 , ACP (B+ → η′K+) = 0.004±0.011 .(38)
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Possible evidence for CP violation in B+ → φK+ decays, seen by BaBar [251], is not
confirmed by other experiments and appears to be due to contributions from other
structures in the B+ → K+K−K+ Dalitz plot [256,257], as discussed further in Sec. 6.
This demonstrates that, even for a relatively narrow resonance such as the φ meson
(Γ < 5 MeV [15]), amplitude analyses of the full Dalitz plot structure of three-body
decays are necessary to separate correctly the different contributions. Such analyses
have already been performed for several modes including B+ → K+K−K+ [251, 258],
but more detailed investigations with larger data samples are needed.
Another interesting channel to search for CP violation in decay is B0 → φK∗0,
where the K∗0 → K+pi− mode is used to tag the flavour of the B meson, so decay-time-
dependent analysis is not required. As the final state contains two vector mesons, it
is possible to search for CP violation in the polarisation amplitudes in addition to the
rates, leading to a wider range of tests of the SM. However, all measurements of CP
violation effects [259–261] are consistent with zero, as expected in the SM.
The relative weak phase in b → dd¯s transitions is also βs, and so effects of CP
violation in decay are expected to be small. Results to date, for example in B+ → K0Spi+
decays [71, 262, 263], are consistent with this expectation. The B0s → K∗0K∗0 decay
provides a vector-vector final state, and therefore additional observables, but is not
self-tagging. Nonetheless, CP violation in decay can in principle still be observed through
asymmetries in the distribution of final state particles [264–266], but such effects are
consistent with zero in the currently available data [267]. This decay can also be used to
probe CP violation in the interference of mixing and decay, as discussed in subsequent
sections. It should also be noted that if any CP violation is observed, the large width of
the K∗0 state means that a full amplitude analysis of B0s → K−pi+K+pi− will be required
to correctly interpret the observables.
Within the SM, larger effects of CP violation in decay may occur in b → ss¯d
transitions, since the relative weak phase involved is β. However, the yields of the relevant
decays are smaller due to the additional CKM suppression of the amplitudes. Searches
have been made, for example in the B+ → η′pi+ [253,254] and B+ → K0SK+ [71,262,263]
modes, with results consistent with zero. The available yields of the vector-vector decays
B0 → K∗0K∗0 [267–269] and B0s → φK∗0 [270] are not yet sufficient to obtain useful
constraints on CP violating parameters.
5.2. Searches for CP violation in mixing/decay interference in loop-dominated
transitions
Values of β and βs can be determined from the decay-time-dependence of the decay rate
of b→ ss¯s transitions, in the same way as described for b→ cc¯s transitions in Sec. 4.2.
For the loop-dominated transitions, the measured values may be affected by contributions
from new particles contributing to the penguin amplitudes, and therefore a difference
between the measured value of β(s) from that obtained in b→ cc¯s transitions could be
a signature of physics beyond the SM. However, since small deviations are possible in
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the SM, the observables are often denoted as βeff(s). Various theoretical methods have
been used to try to evaluate the deviation in the SM [271–281], with the conclusion that
the shifts are expected to be at or below the few percent level for the cleanest modes
involving φ or η′ mesons. The situation for modes involving f0(980) mesons is less clear,
due to uncertainties concerning the quark-level substructure of this state [282].
For b → dd¯s transitions, significant contributions with different weak phases are
possible in the SM, making a straightforward interpretation of results in terms of β(s)
impossible. Nonetheless, interesting tests of the SM are possible, most notably for
B0s → K(∗)0K(∗)0 decays, for example by exploiting flavour symmetries [283–285].
5.2.1. Measurements of βeff Measurements of βeff have been made in many b → s
transitions at the e+e− B factories, as summarised in Fig. 17. The results are generally
reported in terms of
SfCP = −ηfCP sin
(
2βeff
)
, (39)
where ηfCP is the CP eigenvalue of the final state fCP , but are converted to sin
(
2βeff
)
in Fig. 17. The cosine coefficient, CCP is also measured, with all values consistent with
zero. No significant departure from the SM expectation is observed. All individual
measurements are statistically limited, with systematic uncertainties of typically a few
percent. The most precise results are for the B0 → η′K0 [286, 287] (as shown in Fig. 18)
and B0 → φK0 [251, 288] modes, where the latter are determined from decay-time-
dependent Dalitz plot analyses of B0 → K+K−K0 decays. There are no results yet
available from LHCb on the CP violation parameters in these modes, although large
yields have been reported [289].
Among b→ ds¯s transitions, decay-time-dependent analyses have been performed
only for B0 → K0SK0S decays [262, 290]. The available yields are too small to provide
significant constraints on SfCP .
5.2.2. Measurements of βeffs The B
0
s → φφ channel is of particular interest among the
relevant B0s meson decays. In the approximation that the φ meson is a pure ss¯ state,
the CP -violation phases from mixing and decay cancel, so that the relation SfCP ≈ 0
holds in the SM [291–293] (for consistency, the determination of SfCP is nonetheless
considered here as a measurement of βeffs ). Moreover, the small width of the φ meson
makes this channel experimentally attractive when reconstructed in the K+K− final
state, and ensures the contribution in the signal window from K+K− pairs in a S-wave
configuration is small. Since the vector-vector final state contains a mixture of CP -even
and CP -odd terms, a combined fit to the B0s decay-time and angular distributions is
necessary, similarly as for B0s → J/ψφ discussed in Sec. 4.2.2. Among current and
planned experiments, LHCb is uniquely able to study the B0s → φφ decay mode, and
has measured [294]
φeffs = −2βeffs = −0.17± 0.15± 0.03 rad . (40)
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Figure 17: Measurements and world averages of sin(2βeff) in b→ s transitions, compared to
the world average value of sin(2β) in b→ cc¯s decays [12]. Note that the measurements labelled
K+K−K0 exclude the contribution with an intermediate φ meson.
A number of other parameters are determined, including untagged asymmetries; there is
no significant CP violation effect seen in any of them.
The b→ dd¯s transition B0s → K∗0K∗0 also has great potential to test the SM, for
example through exploitation of the U-spin relation with B0 decays to the same final
state [285,295,296]. No decay-time-dependent analysis of this modes has yet been carried
out, but the yields available at LHCb are sufficient for initial studies [267]. As mentioned
in the context of measurements of CP violation in decay, the non-negligible width of the
K∗0 resonance means that a full amplitude analysis of B0s → K−pi+K+pi− final state will
ultimately be necessary in order to separate B0s → K∗0K∗0 decays from contributions
with a Kpi pair in S-wave, or from reflections from other decays such as B0s → φpi+pi−.
5.3. Studies of CP violation in b→ qγ and b→ q`+`− transitions
A large number of observables in b → qγ and b → q`+`− transitions are sensitive to
physics beyond the SM (see, for example, Ref. [13] for a review). In general, since
the final states contain particles that do not undergo strong interactions, the hadronic
uncertainties in the SM predictions for these observables are reduced compared to fully
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Figure 18: Decay time distributions and asymmetries in B0 → η′K0S decays from (left)
BaBar [286] and (right) Belle [287]. In the BaBar plot, the solid (dotted) line displays the
total fit function (signal component), separated into (a) B0 and (b) B0 tags. In the Belle plot,
background-subtracted data are shown, with q = +1 (−1) indicating a B0 (B0) tag.
hadronic final states. These arguments are relevant for the CP asymmetries discussed in
this section.
Searches for CP violation effects in several different b → qγ and b → q`+`−
transitions have been carried out. In addition to studies of particular exclusive final
states, inclusive measurements have been performed at the e+e− B factory experiments.
Such measurements can be made either by summing together as many different exclusive
states as possible, or by exploiting the potential to reconstruct fully the Υ(4S)→ BB
event so that the hadronic system (denoted Xs or Xd depending on the flavour of the
produced quark, or Xs+d for their sum) need not be reconstructed at all. The latest
results on CP violation in decay in inclusive processes are [12,297,298]
ACP (B → Xsγ) = 0.015±0.020 , ACP (B → Xs`+`−) = 0.04±0.11 , (41)
where both are obtained with the sum-of-exclusive method.
More precise results are available for exclusive decays, in particular in channels
where large yields are available at LHCb. Among b→ sγ decays, the most precise result
is [12, 73,74]
ACP (B0 → K∗0γ) = −0.002± 0.015 . (42)
With the large yields available in some b → s`+`− modes, it is possible to study
asymmetries as a function of q2, the dilepton invariant mass squared. This has been
done, for example, for the rate asymmetries in B+ → K+µ+µ− and B0 → K∗0µ+µ−
decays [299], as shown in Fig. 19. All results are consistent with the SM prediction of
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small CP violation. The yields available in the B+ → pi+µ+µ− channel, which is mediated
by the b→ d`+`− transition and therefore may exhibit larger CP violation in the SM,
now allow a similar analysis to be performed [300]. The precision achieved is however
not sufficient to observe a non-zero asymmetry. Asymmetries in angular observables
have also been measured in B0 → K∗0µ+µ− [301] and B0s → φµ+µ− decays [302], where
in the latter case the analysis is currently limited to untagged asymmetries; all measured
angular asymmetries are also consistent with zero.
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Figure 19: CP asymmetries as a function of q2 in (left) B+ → K+µ+µ− and (right)
B0 → K∗0µ+µ− decays [299]. The horizontal grey bands show the average over all q2 bins.
Vertical red lines indicate regions vetoed due to contributions from the φ, J/ψ and ψ(2S)
resonances.
The photon emitted in b→ qγ transitions is expected to be almost fully polarised
in the SM. This feature suppresses the observability of CP violation in mixing/decay
interference, since the photons produced in, for example, B0 → K∗0γ → K0Spi0γ and
B0 → K∗0γ → K0Spi0γ decays have predominantly left- and right-handed polarisations
respectively, and therefore interference cannot occur. This, however, provides an
interesting possibility to test the SM prediction for the polarisation, since the magnitude
of the parameter Sf is reduced from that of Eq. (13) by a factor of sin 2Ψ, where tan Ψ is
the relative magnitude of the suppressed and favoured polarisation amplitudes [303,304].
Decays of the B0 meson by the b→ sγ transition are ideal for such measurements,
as the relatively large value of sin 2β would allow an observable effect in case sin 2Ψ
is non-zero. Several measurements have been made, with the most precise results for
B0 → K0Spi0γ [305, 306] and B0 → K0Sρ0γ [307, 308]. All results to date are consistent
with zero CP violation and therefore with the SM prediction of strong polarisation of
the emitted photon.
For B0 meson decays through the b → dγ transition, the SM CP violating phase
is small and the oscillations are further suppressed by the photon polarisation, giving
a vanishing value of Sf . The B
0 → ρ0γ mode therefore provides a null test of the SM,
that is sensitive to models that introduce new sources of both right-handed currents
and CP violation. The experimental sensitivity is, however, rather limited [309]. A
similar argument applies for B0s → φγ decays, although in this case the A∆Γ observable
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provides additional sensitivity [310]. Large B0s → φγ yields are available [74], but no
decay-time-dependent analysis has yet been performed.
As the available data samples increase, searches for CP violation in mixing/decay
interference, from decay-time-dependent analyses, will be possible in an increasing
number of b→ qγ and b→ q`+`− transitions. One particularly interesting possibility is
to probe for non-SM CP violation in the recently observed B0s → µ+µ− decays [311–314].
This will allow to probe several extensions of the SM that do not significantly change
the value of the branching fraction [315,316].
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6. CP violation in interference between tree and loop amplitudes
There are several types of B decays to hadronic final states where both tree and loop
amplitudes are expected to contribute with comparable magnitudes. These include
decays mediated by the b→ uu¯s and b→ uu¯d quark-level transitions. The interference
between tree and loop amplitudes causes CP violation in decay to be expected in the
SM, but its interpretation in terms of fundamental parameters is challenging due to
hadronic uncertainties. As will be shown, several approaches, often involving flavour
symmetries, have been proposed to overcome this problem.
As mentioned in Sec. 5, decays mediated by b→ dd¯s and b→ dd¯d loop transitions
often contribute to the same final states due to hadronisation effects, and therefore modes
involving pi0, η, ρ0 and ω mesons are relevant to this Section. There is consequently an
enormous number of different final states, of which only a selection will be discussed. Full
listings of all measurements, including several where the CP asymmetries are reaching
an interesting level of significance (e.g. ACP (B+ → ηK+)) can be found in Refs. [12, 15].
6.1. Studies of CP violation in decay in b→ uu¯q transitions
Ever since the relative branching fractions of B0 → K+pi− and pi+pi− were first
measured [317, 318] it was known that loop diagrams make sizable contributions to
these decays. However, it was not known if CP violation effects would be large, as it
remained possible that small strong phase differences could cause suppression; a range of
values were predicted in explicit models of QCD effects in these decays [38,41]. The first
measurement of CP violation in B meson decays, in the B0 → K+pi− channel [33, 34]
was therefore of great importance, bearing in mind that it occurred only a few years
after the first observation of direct CP violation in the kaon system [31,32]. The latest
world average is [12,35,70–72]
ACP (B0 → K+pi−) = −0.082± 0.006 . (43)
The production of all types of B meson in hadron collider experiments means that
CP violation effects can be studied simultaneously in B0 and B0s decays to the same
final state. Consequently, the first observation of CP violation in B0s decays [35] was
made together with the most precise determination of ACP (B0 → K+pi−), as illustrated
in Fig. 20. Although in pp collisions there may be production asymmetry effects that
could differ for B0 and B0s mesons, these have been measured to be small [77]. The result
is [12, 35,72]
ACP (B0s → K−pi+) = 0.26± 0.04 . (44)
This is consistent with the SM prediction of approximately equal and opposite width
differences between B0 → K+pi− and B0s → K−pi+ [319–322].
The difference ∆ACP (B → Kpi) = ACP (B0 → K+pi−) − ACP (B+ → K+pi0) has
been suggested as an interesting observable [323]. The measured value ACP (B+ →
K+pi0) = 0.040± 0.021 [71,324] leads to
∆ACP (B → Kpi) = −0.122± 0.022 , (45)
CP violation in the B system 48
where possible correlations among systematic uncertainties have been neglected. As
seen in Fig. 1, the tree and penguin diagrams involved differ only by the spectator
quark, and therefore if only these diagrams contribute then similar asymmetries, and
∆ACP (B → Kpi) ≈ 0, would be expected. Additional subleading amplitudes which
contribute only to the B+ → K+pi0 decay and QCD corrections can, however, potentially
explain the effect [325–328].
In order to investigate whether any non-SM physics causes the anomalous
∆ACP (B → Kpi) value, a theoretically clean sum rule involving all four B → Kpi decays
has been proposed [329,330]. The precision of this approach is limited by the precision
achieved with the B0 → K0Spi0 mode, where tagged analyses are necessary [286, 331].
Significant improvement can be expected with data from Belle II. Another interesting
approach is to extend these measurements to final states involving pseudoscalar and
vector mesons, i.e. B → K∗pi and Kρ. Due to the non-negligible widths of the vector
particles, such measurements must be made from Dalitz plot analyses, but large yields are
available in most channels. Several of the asymmetries have been measured [122,332–337],
but the precision is not yet competitive with that in the Kpi modes.
To determine information about the CP violation associated with particular resonant
amplitudes, such as those for B → K∗pi and Kρ decays, it is necessary to perform a
model-dependent amplitude analysis of the distribution of the three-body final state
over the Dalitz plot. It is also possible to search for CP violation model-independently,
by comparing the binned distribution of events between B and B decays [338–341].
(Similar methods have also been proposed for untagged decays [264,265,342].) This has
been done by LHCb for all of the B± → pi+pi−pi±, pi+pi−K±, K+K−K± and K+K−pi±
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enhance the observed CP asymmetry. The bottom left plot shows as an inset a zoom in the φ
region.
decays [257,343,344], revealing very large CP violation effects in some parts of the phase
space as shown in Fig. 21. The CP violation is not localised around narrow resonances,
but rather seems more pronounced in regions dominated by broad structures. This
presents a challenge for the interpretation, since the dynamical origin of the broad
structures is not clear [345,346]. Detailed Dalitz plot studies will be necessary to gain
deeper insights. In addition to understanding the hadronic physics, it is of course
interesting to investigate if the CP violation is consistent with the SM, for which several
methods based on flavour symmetries have been proposed [347–355].
Similar analyses can also be performed forB0(s) → K0Sh+h′− decays, where h(′) = pi,K.
These provide additional interesting potential due to U-spin relations between B0 and
B0s decays [356], but the available yields are much smaller compared to modes with three
charged tracks in the final state [289]. Ideally, such analyses should be complemented by
results from the B0(s) → h+h′−pi0 and B+ → K0Sh+pi0 modes, but the reconstruction of
neutral particles is challenging at a hadron collider and LHCb has not yet produced any
results on these modes. Belle II, however, is expected to be able to study at least some
of these channels.
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6.2. Studies of CP violation in mixing/decay interference in b→ uu¯q transitions
As noted above, hadronisation of states with uu¯ content, produced from b → uu¯s
transitions, inevitably means that contributions from b → dd¯s penguin amplitudes
will also be present. Thus, results on modes such as B0 → K0Spi0, K0Sρ0 and K0Sω are
included in Fig. 17 in Sec. 5.2. The interpretation of these results in terms of CKM
phases and potential non-SM amplitudes is not trivial due to the need to disentangle
different SM contributions, but flavour symmetries can be exploited to reduce theoretical
uncertainties [329,357–359].
In the case of B0s decays, b→ uu¯s transitions can lead to two types of final states:
either (ss¯)(uu¯), such as φpi0, or (su¯)(s¯u), such as K+K−. In the former case the decays
are isospin-violating and consequently both rare and sensitive to physics beyond the
SM in electroweak penguin amplitudes [360]. There are no experimental results on
the B0s → φpi0 channel, but a recent amplitude analysis of B0s → φpi+pi− decays by
LHCb [361] provides evidence for the B0s → φρ0 decay with a branching fraction of
O(10−7). Much larger data samples will be required for decay-time dependent analysis.
The LHCb experiment is well-suited to study the B0s → K+K− decay. The two-track
final state allows high acceptance and trigger efficiency, leading to large yields. An
analysis of the 1 fb−1 sample collected in 2011 gave the first measurement of the CP
violation parameters in this mode [362], as shown in Fig. 22:
CK+K− = 0.14± 0.11± 0.03 , SK+K− = 0.30± 0.12± 0.04 , (46)
where the first uncertainties are statistical and the second systematic. The constraint
|CK+K− |2 + |SK+K−|2 + |A∆ΓK+K−|2 = 1 has been used. An effective flavour tagging
efficiency of (2.45 ± 0.25) % was achieved. It is likely that this can be improved in
updated measurements based on larger data samples, and therefore there are good
prospects for strong constraints to be obtained on CK+K− and SK+K− , potentially
leading to observations of CP violation in decay and/or in mixing/decay interference
in this channel. In this context it is noteworthy that the largest sources of systematic
uncertainty, due to the knowledge of the efficiency variation as a function of decay time
and the decay time resolution function, are expected to be reducible.
If the contributions from the tree and penguin amplitudes to the B0s → K+K−
decay can be disentangled, the results on CK+K− and SK+K− can be used to determine
their relative weak phase, γ. Alternatively, if the value of γ from tree-dominated decays
(Sec. 4.4) is used as a constraint, a value of −2βs can be obtained. There are not enough
observables in the B0s → K+K− decay alone, but a U-spin relation with B0 → pi+pi−
decays that are discussed in the next subsection can be exploited [320,364,365]. Such an
interpretation has been made by LHCb [363]. As shown in Fig. 22, it is found that the
sensitivity to γ depends strongly on the uncertainty assigned due to non-factorisable U-
spin breaking effects. The result for −2βs, however, appears more robust to such effects,
and therefore this method could be used to obtain a complementary and competitive
determination to that from B0s → J/ψφ and similar decays (Sec. 4.2.2).
As regards mixing/decay interference in b → uu¯d transitions, the B0 decays are
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Figure 22: Asymmetries in the decay-time distributions, with fit results superimposed, for (top)
B0s → K+K− decays [362], where the data have been folded to a single period of the oscillation.
Constraints on (bottom left) γ and (bottom right) −2βs obtained from B0s → K+K− and
B → pipi decays as a function of the amount of non-factorisable U-spin breaking parametrised
by κ [363].
discussed in the next subsection. The B0s → K0Sρ0 decay can in principle be studied
at LHCb [289], but much larger data samples than currently available will be needed.
Other decays, such as B0s → K0Spi0, K0Sη(′), K0Sω, appear even less attractive.
6.3. Determination of CKM phases from isospin analysis of CP violation in b→ uu¯d
transitions
Despite its low branching fraction, large yields of the B0 → pi+pi− decay are available. The
CP parameters have been measured from decay-time-dependent analyses by BaBar, Belle
and LHCb, as shown in Fig. 23. The world averages for the observables are [12,70,362,366]
Spi+pi− = −0.66± 0.06 , Cpi+pi− = −0.31± 0.05 . (47)
Thus, both CP violation in decay and in mixing/decay interference have been observed
in B0 → pi+pi− decays.
If it were the case that B0 → pi+pi− decays were tree-dominated, there would
be no CP violation in decay, hence Cf = 0, and the parameter of CP violation in
mixing/decay interference could be interpreted with low theoretical uncertainty as
Sf(B
0 → pi+pi−) = +ηCP sin(2α), where α is one of the Unitarity Triangle angles
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Figure 23: Asymmetries in the B0 → pi+pi− decay-time distributions at (left) Belle [366], (right
top) BaBar [70], and (right bottom) LHCb [362], with fit results superimposed. The Belle plot
includes also the background subtraction signal distributions separately for (blue) B0 and (red)
B0 tags.
introduced in Sec. 2.3 and α ≡ pi− β − γ by definition. Loop diagrams, however, lead to
so-called “penguin pollution” that makes such straightforward interpretation impossible.
The large measured magnitude of the value of Cpi+pi− shows unambiguously that the
penguin contribution is highly significant.
Isospin analysis of B+ → pi+pi0, B0 → pi+pi− and B0 → pi0pi0 decays, and their
charge conjugates, can be used to isolate, and correct for, the penguin pollution [367].
The isospin decomposition leads to relations between the decay amplitudes (with obvious
notation),
A+0 =
1√
2
A+− + A00 , A¯−0 =
1√
2
A¯+− + A¯00 , A+0 = A¯−0 , (48)
with small corrections possible due to isospin violation effects such as electroweak penguin
contributions [368,369]. These relations can be expressed as triangles that share a base,
in which the phase between A+− and A¯+−, denoted 2∆α in Fig. 24, is precisely the value
needed to correct the value of Sf and obtain α,
Spi+pi− =
√
1− C2pi+pi− sin (2α− 2∆α) . (49)
Thus, to determine α from B → pipi decays, the limiting factor becomes the
knowledge of ∆α, which requires measurements of the branching fraction and CP
asymmetry parameters of the B0 → pi0pi0 decay. This mode is, unfortunately, difficult
to study experimentally and its decay-time dependence cannot be determined due to
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Figure 24: Isospin triangles for B → pipi decays [367]; reproduced from Ref. [8].
the absence of a reconstructed vertex (see, however, Ref. [370]) which precludes a
determination of Spi0pi0 . The world averages [12, 70,371] are
B(B0 → pi0pi0) = (1.17±0.13)×10−6 , ACP (B0 → pi0pi0) = 0.43±0.27 .(50)
The quoted ACP (B0 → pi0pi0) average does not include results published by Belle in
2005 [372] since these are known to be affected by a source of background [373] that was
not accounted for in the analysis. Nor is any scaling applied to the uncertainty due to
the discrepancy between the BaBar and Belle results for the branching fraction.
Together with results on B+ → pi+pi0 [71, 324], constraints on α can be obtained,
but with an eight-fold ambiguity due to the triangle relations. This has been done by
various groups [374–376]; an example of the constraints obtained is shown in Fig. 25. The
ambiguities can be clearly seen, although it should be noted that the solution at α = 0,
which is allowed if only the isospin relations are used in the analysis, is excluded by the
observation of CP violation in decay in B0 → pi+pi−. Imposing physical constraints on
the hadronic parameters further restricts the allowed region near α = 0 [8,376].
A similar isospin analysis can be performed for B → ρρ decays. In principle, matters
are more complicated, as the final state involves two vector mesons, and the isospin
triangles should be constructed for each polarisation state separately. However, it is
observed that the decays are dominated by longitudinal polarisation [377, 378]. The
finite width of the ρ states leads to a further complication of the isospin analysis, but
the effects are O (Γ/m)2 and hence small [379]. The world average values for the CP
violation parameters in B0 → ρ+ρ− are [12,377,378]
Sρ+ρ− = −0.14± 0.13 , Cρ+ρ− = 0.00± 0.09 , (51)
where the consistency of Cρ+ρ− with zero suggests smaller penguin pollution effects
compared to the pipi case. Indeed, the isospin triangles are found to be stretched and
overlapping, which leads to good precision on α, as seen in Fig. 25. In this case, the
isospin analysis benefits from the fact that the parameters of the B0 → ρ0ρ0 channel are
more tractable for experimental study [380–382], where existing results include a first
measurement of Sρ0ρ0 , with large uncertainty [380]. However, improved determinations of
the branching fraction and CP asymmetry for the longitudinal component of B+ → ρ+ρ0
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Figure 25: Constraints on the CKM angle α obtained from isospin analysis of (red) B → pipi,
(green) ρpi and (blue) ρρ decays [374]. The combined result is α = (87.6 +3.5−3.3)
◦, consistent with
the prediction from the CKM fit, (90.6 +3.9−1.1)
◦, both of which are also shown.
decays [383,384] are needed in order to constrain further the B → ρρ isospin triangles.
Since the latest Belle result [383] is based on analysis of around 10 % of the final Belle
Υ(4S) sample, significant improvement should be possible.
Further channels involving only light non-strange mesons also have sensitivity
to α, but the isospin analysis tends to be more complicated [385]. For example,
results are available on decay-time-dependent CP violation parameters in B0 → a±1 pi∓
decays [386, 387], but these are often not used in global fits to obtain constraints on
α. An exception occurs for B → ρpi decays, where the interference of ρ+pi−, ρ−pi+
and ρ0pi0 amplitudes in the B0 → pi+pi−pi0 Dalitz plot allows, in principle, penguin
pollution to be corrected for and 2α to be determined without ambiguity [388,389]. The
relevant parameters have been measured in decay-time-dependent Dalitz plot analyses
by BaBar and Belle [390–392]; although the parameters associated with CP violation
in B0 → ρ±pi∓ decays are determined quite precisely, giving evidence of CP violation
in decay, the obtained constraints on α are not yet competitive with those from other
methods as seen in Fig. 25.
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7. CP violation in decays of b baryons
As baryons do not oscillate, only CP violation in decay can occur, but no CP violation
has been observed in any b baryon decay to date. Since the same classes of quark-level
transitions as in the meson case are possible, it is likely that asymmetries of similar
magnitude can arise. In search of a first observation of CP violation in baryon decays,
it is therefore of greatest interest to study charmless decays mediated by b→ uu¯s and
b→ uu¯d transitions. However, calculations of the expected effects are difficult due to
hadronic uncertainties.
There has been much less experimental study of CP violation in b baryons than in b
mesons. In part this is because many of the most accessible decays where CP violation
might be observed are experimentally more complex than their b-meson counterparts,
and consequently there has been only limited exploitation of the significant samples of
b-baryons available from the Tevatron and the LHC. In particular, b-baryon production
at the LHC is strongly biased towards low transverse momenta [393], which reduces the
trigger and selection efficiencies compared to B meson production.
The lightest b baryon is the Λ0b (udb) state. Searches for CP violation in its decays
to charmless two-body final states have been performed by CDF [72], giving
ACP (Λ
0
b → ppi−) = + 0.06± 0.07 (stat)± 0.03 (syst) ,
ACP (Λ
0
b → pK−) = − 0.10± 0.08 (stat)± 0.04 (syst) .
Within the current uncertainties, these results are compatible both with no asymmetry,
and with the O(10 %) effects seen in charmless B meson decays such as B0 → K+pi−,
discussed in Sec. 6. LHCb should be able to improve on the precision, but the
measurements require good knowledge of both Λ0b production and p/p¯ detection
asymmetries and are therefore not trivial.
The search for CP violation in b baryons can be extended to three-body charmless
hadronic decays. These channels have the advantage that, if there is a component with
an intermediate charmed hadron, it can be used to cancel the production and detection
asymmetries. Such searches have been carried out by LHCb with the Λ0b → K0Sppi−
ΛK+K− and ΛK+pi− channels [394, 395], with the Λ0b → Λ+c pi−, Λ+c → K0Sp and
Λ+c → Λpi+ modes as reference. The yields available are rather limited, due to the
K0S and Λ reconstruction efficiency at LHCb, and no significant asymmetry has yet been
observed.
Since large CP asymmetries have been seen in B meson decays to three charged
particles, it is natural to look for such effects in similar decays of b baryons. The weakly
decaying charged b baryons are the Ξ−b (bsd) and Ω
−
b (bss) states. Charmless decays of
these particles have not yet been observed, but if sufficient yields can be obtained they
will provide good possibilities to search for CP violation effects.
Larger yields are available for some four-body charmless hadronic b-baryon decays
such as Λ0b → ppi−pi+pi− and ppi−K+K− [396]. For these modes it is thus possible not only
to determine phase-space integrated CP asymmetries, but also to study the asymmetry
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in certain regions of the phase-space. By comparing the yields in regions with the scalar
triple product, constructed from the momenta of three final-state particles in the Λ0b rest
frame, either positive or negative, observables can be constructed that are robust against
systematic uncertainties from production and detection asymmetries. The measurement
of such an observable for Λ0b → ppi−pi+pi− decays reveals evidence, at the 3.3σ level, for
a CP violation effect [396].
Finally, Λ0b → DΛ decays can be used to determine the CKM angle γ through CP
violation caused by the interference of the b → u and b → c tree-level transitions, in
the same way as discussed in Sec. 4.4. This decay remains unobserved to date, so it is
impossible to say whether it will make a useful contribution to the overall sensitivity
to γ. The related decay Λ0b → D0pK− has, however, been seen [397]. Further studies
are needed to understand the contribution to the total rate from pK− resonances which
could be used for a future measurement of γ.
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8. Global fits and future prospects
As discussed throughout this review, studies of CP violation in the B sector can be
carried out with decays mediated by many different quark transitions. A powerful way
to probe the SM is through global fits which test the consistency of the different CP
violation measurements, both with each other and with CP conserving quantities. Since
studies of CP violation in the B sector allow all three angles of the Unitarity Triangle
to be measured, and the two non-trivial lengths of sides can also be determined, the
apex of the triangle, located at (ρ, η) as defined in Eq. (8), can be over-constrained.
Each measurement defines an allowed area, at a given confidence level, in the (ρ, η)
plane; within the SM all these areas must overlap at the true position of the apex of the
Unitarity Triangle. Any inconsistency between measurements would therefore indicate
physics beyond the SM.
8.1. Global fits to CKM matrix parameters
There are two well-established collaborations who perform global fits to the CKM matrix
parameters, differing in their preferred statistical treatment. (Some other analyses
have also been performed, e.g. those of Refs. [398, 399], but will not be discussed in
detail here.) The CKMfitter [374] collaboration uses a frequentist approach, while the
UTFit [375] collaboration uses a Bayesian method. Both collaborations include the latest
measurements of individual observables, as well as theory input, for example from lattice
QCD calculations [400], required to interpret the experimental observables in terms of
the CKM matrix elements. The fit tests the overall consistency of the available results.
Typically, only the experimentally most precise and theoretically cleanest observables
are included. Among the observables related to CP violation in the B system, these
include β and βs from b → cc¯s transitions (see Sec. 4.2), γ from interference between
b → cu¯s and b → uc¯s transitions (see Sec. 4.4) and α from b → uu¯d transitions (see
Sec. 6.3). The lengths of the two sides of the Unitarity Triangle are obtained from the
relative magnitudes of CKM matrix elements |Vub/Vcb|, determined from semileptonic B
decays [401], and |Vtd/Vts|, determined from neutral B meson oscillation frequencies [402];
in both cases calculations of relevant hadronic quantities are also needed. The parameter
of CP violation of K0–K0 mixing, K , is also usually included and provides a constraint
in the (ρ, η) plane in the shape of a hyperbola [403]. The results of the most recent
analyses from the CKMfitter and UTfit collaborations are reproduced in Fig. 26; both
show excellent consistency with the SM picture. It is worth noting, however, that another
analysis [404] using more recent lattice QCD calculations of hadronic parameters relevant
to B0(s)–B
0
(s) mixing [405], indicates some tension in the fit.
The agreement with the SM can be quantified by excluding direct measurements of
one of the parameters as inputs to the fit, and comparing the prediction for that quantity,
obtained from the fit results, to the measured value. Comparison of the predicted and
measured values of the angle γ is particularly interesting, as the fit is dominated by
quantities determined from loop-level processes, while the measurement is obtained from
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Figure 26: Results of the latest (left) CKMfitter [374] and (right) UTFit [375] global fits to the
CKM matrix parameters, showing good agreement with the SM picture of quark transitions.
tree-level decays. Therefore, an inconsistency could be interpreted as a sign of physics
beyond the SM. The latest predictions for γ from the fits performed by the CKMfitter
and UTFit collaborations are [374,375]
γCKMfitter = (66.9 +0.9−3.4)
◦ , γUTFit = (69.5± 3.9)◦ , (52)
and are consistent with the measurements given in Eq. (35).
8.2. Constraints on physics beyond the Standard Model
The large number of constraints on the parameters of the CKM matrix allows more
sophisticated analyses to be performed. For example, under the assumption that there
is no contribution from physics beyond the SM to tree-level decay amplitudes, the
consistency of the different measurements allows constraints to be put on possible beyond
SM contributions [406–409]. The results of such an analysis [410] are shown in Fig. 27.
The results are presented in terms of the real and imaginary parts of ∆d and ∆s, which
are the amplitudes for B0–B0 and B0s–B
0
s mixing, respectively, normalised to their SM
expectations; thus, the SM point is at (1, 0). The consistency with the SM is again
evident, and can now be interpreted as giving constraints on additional contributions
to the amplitudes ∆d,s at the 5–10 % level, with similar precision in both B
0–B0 and
B0s–B
0
s systems. Consequently, as discussed for example in Ref. [411], if
∆d,s = ∆
SM
d,s + ∆
BSM
d,s , and ∆
BSM
d,s = c
BSM
d,s /
(
ΛBSMd,s
)2
, (53)
then if the beyond SM coupling cBSMd,s is SM-like, i.e. with loop and CKM-suppression
as in scenarios referred to as “minimal flavour violation” [412], then the scale ΛBSMd,s of
the additional contribution must be a factor of at least a few above the SM scale. On
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Figure 27: Constraints on contributions from physics beyond the SM to (left) B0–B0 and (right)
B0s–B
0
s mixing [374]. The inclusive dimuon asymmetry result from the D0 collaboration [86]
(see Sec. 4.1) is not included.
the other hand, in models where additional contributions enter with O(1) couplings, the
scale must be O(10 TeV) or higher.
8.3. Future prospects
Global fits to the CKM matrix parameters have established that the SM picture of
CP violation holds at the 5–10 % level, and the challenge in the coming years will
be to test this picture at the percent level. This necessitates an order of magnitude
improvement in experimental precision as well as strict control of theoretical uncertainties
that are associated with the interpretation of experimental observables in terms of CKM
matrix parameters. The already approved Belle II [19,96] and upgraded LHCb [20,97]
experiments will deliver the necessary increase in recorded luminosity by the the mid-
2020s, while ATLAS and CMS are expected to continue to contribute a few important
measurements, in particular with decays such as B0s → J/ψφ which have high trigger
efficiencies. There are also good prospects for further reduction of uncertainties associated
to quantities obtained from lattice QCD calculations [413].
The expected evolution of the constraint on the apex of the Unitarity Triangle
determined from tree-level processes only [414] is illustrated in Fig. 28. The high precision
that will be achieved will not only lead to much greater sensitivity to effects of physics
beyond the SM in B0–B0 and B0s–B
0
s mixing, but the larger number of CP violation
parameters that will be measured will allow to search also for non-SM effects in the
decay amplitudes. Comparisons of the types of measurements mediated by different
quark-level transitions, as outlined in Secs. 4–6, will enable the CKM paradigm to be
tested at unprecedented precision.
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Figure 28: Anticipated evolution of the fit to the CKM matrix using tree-level processes only,
from (left) 2013 to projections for (middle) 2018 and (right) 2023 [414]. Constraints from
|Vub| from rates of semileptonic B decays, γ from interference between b→ cu¯s and b→ uc¯s
transitions and α from b → uu¯d transitions are shown, where the latter is interpreted as a
constraint on γ using α ≡ pi−β−γ together with the measurement of β from b→ cc¯s transitions.
The limitations of each of these quantities is expected to come from different sources: for |Vub|
from the precision of lattice QCD calculations; for α from necessary approximations in the
isospin analysis; for γ from experimental uncertainty.
While measurements of CP violation in the B sector form an important part of this
programme, it must be stressed that there are many additional observables that provide
complementary sensitivity to the parameters of the CKM matrix. In addition to the rates
of semileptonic decays and of neutral B meson oscillations, mentioned above, important
constraints can also be obtained from rare B meson decays such as B0(s) → µ+µ− [13].
The rare kaon decays, K+ → pi+νν¯ and K0L → pi0νν¯, also provide constraints on the
apex of the Unitarity Triangle [21, 22]. Results on both modes are anticipated to be
forthcoming in the next few years [415, 416], and will greatly add to the global fit to the
CKM matrix parameters.
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9. Summary
The wealth of experimental results on CP violation in the B system, primarily from the
BaBar, Belle and LHCb experiments, have transformed the understanding in this sector.
The Kobayashi-Maskawa mechanism, that provides a unique source of CP violation
within the SM, has been confirmed. Moreover, the consistency of measurements with
SM predictions leads to increasingly strong constraints on effects beyond the SM.
This remarkable progress has been achieved due to the development of new techniques
in both experimental and theoretical methods. Since the currently achieved precision is
far from the level at which these approaches are expected to reach fundamental limitations,
significant further progress can be anticipated. A next generation of experiments is
planned, and there are exciting prospects for significant advances in this sector in the
next ten years. Some of these, such as the observation of CP violation in b baryon decays,
and of CP violation in mixing/decay interference in the B0s system, are anticipated within
the SM. For some others it remains to be seen whether or not the effects seen in the
data can be explained by SM dynamics alone: these include the Kpi puzzle and the large
asymmetries seen in regions of phase space of charmless three-body B decays. There are
also observables where any observation of CP violation at the achievable precision would
be a clear signal of beyond SM physics: examples include the parameters of CP violation
in both B0 and B0s mixing, or in decays to final states involving photons or leptons.
The powerful approach of testing the consistency of the SM paradigm through global
fits to CKM matrix parameters requires improved measurements of several important
quantities including γ, β and βs.
The study of CP violation in the B sector will therefore remain a high-priority
component of the global programme in particle physics for the foreseeable future.
Complemented by progress in other areas, including kaon and charm physics, precision
measurements of low energy observables, searches for new phenomena at the energy
frontier, and neutrino physics, there is a real possibility of a breakthrough. Understanding
of the physics that will be probed in these studies may help to resolve the shortcomings
of the SM, and to explain the matter-antimatter asymmetry in the Universe.
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